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Summary

Magnetic confinement fusion devices operate in environments with intense parti-

cle emissions, which can be measured by dedicated diagnostics to gather information
about the state of the plasma. Diagnostics will play a crucial role in the success of
future tokamaks for commercial fusion power generation.
This thesis explores the use of gamma-ray diagnostics in tokamaks for multiple appli-
cations. The Cerium-activated Lanthanum Bromide (LaBrs:Ce) scintillator has been
selected as the reference detector, as it represents the state of the art in gamma-ray
diagnostics thanks to its high performance and robustness in harsh radiative condi-
tions.

The primary study investigates the feasibility of using a LaBrs:Ce-based gamma-
ray measurement system to evaluate fusion power at SPARC, a tokamak designed to
achieve fusion gains of Q>1 with Deuterium—Tritium (DT) plasmas for the first time
in a magnetic confinement fusion device. In present tokamaks, fusion power is typi-
cally determined by measuring neutron yields through flux monitors cross-calibrated
with activation foils. Here, the possibility of performing analogous measurements
using gamma-rays from the rarer DT branch T(D, v)°He is assessed. The analysis
builds on the experience gained at JET, where DT gamma-ray emission was recently
observed and used to estimate fusion power for the first time in a tokamak. The
study aims to define the fusion power range in which such DT gamma-ray measure-
ments could be effectively performed at SPARC.

The second application concerns the use of gamma-ray spectroscopy to study fast
ions in Deuterium-Helium-3 (D—3He) plasmas from Three-lon Scheme experiments
at JET. In these scenarios, a fast deuteron population is injected by Neutral Beam
Injection and further accelerated via Ion Cyclotron Resonance Heating. Using the
Gamma Camera Upgrade system equipped with LaBrs:Ce detectors, gamma-ray
data can be collected and, through tomographic reconstructions, spatial emissivity
profiles can be obtained. The D—3He reaction predominantly produces an alpha
particle and a proton, but a rarer branch emits a ~16 MeV gamma-ray that can be
detected by the Gamma Camera, allowing the reconstruction of the alpha particle
birth profile. The aim of this work is to validate TRANSP code simulations per-
formed at JET for these plasmas by comparing experimental results with synthetic
profiles generated from the simulations.

The last study investigates the use of multiple gamma-ray diagnostics to detect
Bremsstrahlung radiation from runaway electron (RE) events. The goal is to demon-
strate that detectors observing the plasma along multiple lines of sight can collect
qualitatively distinct Bremsstrahlung spectra only if the RE pitch-angle distribution
is not fully co-passing (i.e., not all electrons have pitch angles equal to zero), as it



has been assumed in algorithms aimed at infering the RE energy distribution from
hard x-ray spectra using deconvolution methods. This hypothesis derives from ex-
perimental observations at JET, where different LaBrs:Ce detectors observe distinct
spectral features during RE events. These findings suggest that employing multiple
lines of sight may provide the opportunity to study the RE pitch-angle distribution
in tokamaks, while also offering a more complete understanding of RE behaviour
and emission mechanisms.
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Chapter 1

Introduction

In this chapter, the fundamental aspects of the nuclear fusion and the magnetic con-
finement reactor are introduced [1, 2]. Subsequently, gamma-ray detection is briefly
discussed, focusing on the Cerium-activated Lanthanum Bromide (LaBrs:Ce) scin-
tillator, representing the state of the art of the gamma ray diagnostics in tokamaks.
This spectrometer can investigate multiple aspects about particles in a tokamak,
providing an all-in-one solution for gamma diagnostics. In this thesis, three dif-
ferent applications of a LaBrs:Ce-based detector are proposed, regarding fusion
power measurements (Chapter 2), alpha birth profile reconstruction (Chapter 3)
and Bremsstrahlung emission detection from Runaway Electrons (Chapter 4).

1.1 Basic concepts of fusion reactors

1.1.1 Nuclear fusion

To understand how the fusion reaction works and how energy can be obtained from
this process, it is first necessary to introduce the concept of binding energy. The
binding energy B of a nucleus 5Xy (Z: number of protons; N: number of neutrons,
A = Z + N: mass number) is the difference in mass (expressed in energy by the
relation ' = mc?) between the nucleus itself and its single nucleons:

B={Zm,+ Nm, —-m(X)} (1.1)

where m,, and m,, are the proton and neutron mass, respectively, m(X) is the mass
of the nucleus and c is the speed of light.
In the liquid drop model of the atomic nucleus, it is possible to define a relationship
between binding energy and atomic mass:

_ 2
e jZ) .

The first term is called the volume term, the second the surface term, the third the
Coulomb term, the fourth the symmetry term and finally § denotes the pairing term.
Dividing the binding energy by A, we obtain the binding energy per nucleon B/A (see
Figure 1.1). In Figure 1.1, one can distinguish a region at A ~ 60 with approximately

B=a, A-a, A*® —a, Z(Z—l)A_l/?’—asy ) (1.2)
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Figure 1.1: Binding energy per nucleon as a trend of the mass number.|3|

constant B/A, aregion at low A (A<<60) where B/A increases suddenly, and a region
at high A (A>>60) where B/A decreases slowly. It can be deduced that by dividing a
heavy nucleus (high A region) into two lighter nuclei, it is possible to release energy,
since a reaction of this type, called fission, is exoenergetic. On the contrary, if two
light nuclei (low A region) are merged together to produce a nucleus with a higher
A, it is possible to release energy. This process is called fusion.

The fusion reaction is based on the strong nuclear interaction, a short-range force
(with characteristic length on the order of the diameter of a nucleus), much more
intense than the repulsive Coulomb interaction between 2 positive nuclei at these
distances. By merging light nuclei we increase the binding energy between the initial
and final states.

Considering a generic nuclear reaction:

a+f—1+2+..+0+Q (1.3)
the released energy Q will be given by:
Q = [ma +mp—my —my— ... —m,] ¢ (1.4)

where a and 3 are the two reactants; 1,2,...,n are the products; m, and mg are
the reactant masses; m; ... m, are the product masses. Usually Q can reach up to
10-100 MeV for nuclear reactions.

The sun is a typical example of a self-sustaining fusion “reactor”. Indeed, the
fusion reactions that occur in the core of this star are responsible for its luminosity,
and consequently for the presence of life on Earth. The most significant reaction
involves protons in the proton-proton cycle, where the net production is constituted



by a helium-4 nucleus starting from four protons:
4H — *He+2e" + 21+ 26.7 MeV (1.5)

Deuterium (D) and Tritium (T), hydrogen isotopes, are the most interesting “fu-
els” for controlled fusion on Earth. The reaction between them (DT reaction) is
considered the most promising for the production of electric energy:

D+T — *He+n+17.59 MeV (1.6)

The Q factor of the reaction is approximately equal to 17.6 MeV. This energy is
released as kinetic energy of the fusion products, where the neutron obtain about
four-fifths (~ 14.1 MeV) of the total released energy while the alpha particle obtain
about one-fifth (» 3.5 MeV). Deuterium consists of the 0.0153% of the total hydrogen
in nature, which is still abundant enough for fusion purposes. This means that
there is one deuterium nucleus for every » 6500 hydrogen nuclei. The amounts of
deuterium in nature is enough to satisfy the world’s energy needs. It is expected
to last for millions of years, based on current consumption [4]. In contrast, tritium
cannot be found in sufficient quantities in nature, as it is radioactive and has a
half-life of about 12 years. It can be produced from lithium through the following
reactions:

n+%Li — *He+ T +4.78 MeV

e (1.7)
n+ 'Li— "He+T +n-2.57MeV

If all fusion-born neutrons contribute to the reaction with lithium-6, this would
guarantee the generation of a tritium nucleus for each incident neutron. In practice,
neutron losses (i.e., neutrons that don’t react with lithium) are always present, so
neutron multiplication is necessary. This solution consists of using the incident
fusion-born neutron to produce multiple neutrons coming from a fission blanket.
The natural reserves of lithium on Earth are quite large, approximately for a few
tens of thousands of years (based on current world energy consumption). Lithium
from sea water could represent another longer source of this element (up to millions
of years) [5]. The DT reaction has some disadvantages related to tritium hazard, as
tritium is radioactive. In addition, neutrons can make the reactor walls radioactive
through activation [6].

Another of the most studied fusion reactions is that involving a deuterium and
a helium-3 (D3He) nucleus:

D + *He — *He + p + 18.3MeV (1.8)

Helium is rare on Earth, so this reaction is not considered among the most promising
ones. Furthermore, compared to the DT reaction, higher temperatures are needed to
obtain comparable performances. The advantage is that, since this reaction doesn’t
produce neutrons, risks of damage and activation of the walls of the machine are
reduced. Anyway, deuterium is present and deuterium-deuterium (DD) reaction,
producing neutrons, can occur.



The DD reaction involves two deuterium nuclei. This reaction has two main
channels:

D+D —s3He+n+3.27 MeV

(1.9)
D+D— T+p+4.03 MeV

The DD reaction produces both helium-3 and tritium. These can undergo fusion
reaction with the deuterium already present in the machine through the D3He and
DT reaction, respectively, establishing the catalyzed DD reaction:

6D — 2H +2n+2*He + 43.2 MeV (1.10)

Using this reaction, the necessity to produce tritium from lithium disappears, but
higher temperatures are needed and lower power densities than the DT reaction are
obtained.

To trigger the fusion reaction, the charged reactants must collide and overcome
the strong Coulomb potential barrier. Based on the relative energy between them,
there is a finite probability of overcoming the barrier and undergoing fusion. The
fusion cross section describes and quantifies the phenomenon. Observing Figure 1.2,
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Figure 1.2: Cross section for different types of fusion reactions, as a trend of the collision
energy in the centre of mass frame. [7]

the reasons behind the choice of a machine exploiting deuterium and tritium becomes
clear. It is found that at 20 keV the DT cross section is about 100 times the DD
cross section. Therefore, for the DD reaction a more advanced technology is needed,
suggesting that the first fusion production milestone will be likely reached through
the DT reaction.



1.1.2 Plasma

The fusion reaction is in competition with other ones, which can significantly lower
the efficiency of a reactor. For instance, these can derive from Coulomb collisions
between charged particles, or from atomic collisions between charged and neutral
particles. If this type of collisions are inelastic, they can excite or ionise atoms.
Moreover, the typical cross sections are much larger than the fusion cross sections
(10716 ¢m? compared to the fusion cross sections 10724 em?).

For example, a beam of deuterium (~ 10 - 50 keV) can impinge on a fixed target
(solid, liquid or gas) of tritiated water T5O, in order to produce energy. By directing
a beam against a neutral target, it happens that most of the reactions that take
place are ionization reactions rather than fusion reactions. Most of the collisions
are related to atomic processes that dissipate most of the beam energy. Given the
average time to have a fusion reaction 7y = (ofvp_n¢)~! and given the average time
for an atomic collision 7, = (o,vp_¢n¢)~!, one can notice that

o a8 (1.11)
Ta ar
that is, for each fusion reaction, about 10® atomic processes occur. Here, v,_; is the
relative velocity between the beam and the target particles, while n; is the density
of the target. The quantities o and o, are the fusion and atomic reaction cross sec-
tion, with characteristic values of 10724 ¢m? and 10716 ¢m?2, respectively. Therefore,
neutral targets are not energetically convenient for fusion reactor purposes.

Already ionised fuels could represent a better choice, like a plasma:

“A plasma is a quasi-neutral gas of charged and neutral particles exhibiting col-
lective behaviours.” [8]

A plasma is a state of matter (the fourth, after solid, liquid and gas) composed
of a multitude of ions, electrons, atoms or molecules, interacting with each other.
The force responsible for the collective behaviours is the Coulomb force. To obtain
a plasma it is necessary that a gas is supplied with a sufficient amount of energy to
start the ionization process. Atoms or molecules lose electrons as a result of ion-
ization processes due to the high kinetic energies of other particles, when the latter
reach a sufficient energy threshold. It is possible to do this state-transition through
photoionization, or through an electric discharge into the plasma. In the first case,
the gas particles absorb photons with energy greater than or equal to the ionization
potential of the particle itself. The excess energy is transformed into kinetic energy
that is exchanged in the new-born electron-ion pair. Instead, for electric discharges
an electric field applied in the gas region is used. Free electrons are accelerated to
the point where they acquire enough energy to ionise neutral particles in the gas.
Typically, electrons are released from the ionization process with a higher kinetic
energy than ions. As a result, the electron population usually has a higher temper-
ature than the ions, and the transfer of energy through collisions of electrons with
much heavier particles is very slow.

In the tokamak core, fusion plasmas have the characteristic of being completely



ionised and having ionic and electronic temperatures approximately equal, both
around 1-10 keV. They are subjected to large magnetic fields (a few Tesla), and
have typical densities around 10 — 102! particles per cubic meter.

The cause of collective behaviour is due to the fact that the plasma consists of
charged particles. Therefore, when these move, they can generate local concentra-
tions of positive and negative charges, producing electric fields. In addition, electric
currents or magnetic fields can be generated. These fields can influence the motion
of other more distant charged particles.

To obtain fusion reactions, one can take a target plasma and collide the ionised
particles in it (beam-target). Even if in this case the ionization reactions are not
present, there will be competition with Coulomb collisions. In this case, the beam
would lose much of its energy by transferring it to the plasma particles instead of in-
curring fusion reactions. However, this process could serve as a heating mechanism.
It is possible to use two beams of ions that are brought to collide (beam-beam),
but the typical density of the beams is much lower than that of the plasmas. Con-
sequently, the fusion power produced would be very low. It is more convenient to
use exclusively the plasma itself at high temperature, where the target particles and
incident ones coincide (target-target).

1.1.3 Magnetic confinement and tokamaks

The magnetic confinement of plasmas is considered the most promising method for
exploiting fusion energy. Closed geometries are preferred for confinement systems,
where the magnetic field lines are enclosed in toroidal volumes.

Consider a vacuum chamber in the shape of an infinitely long cylinder, in which
a plasma is generated. If no magnetic field were applied, the plasma particles would
suddenly reach the walls and would be lost. Instead, if a strong magnetic field were
turned on, directed along the axis of the cylinder, the free motion of the particles
would be interrupted, and helical trajectories would be observed. Therefore, a mag-
netic field is capable of confining ions and electrons in the direction transverse to the
axis of the cylinder. The motion of charged particles is influenced by the Lorentz
force:

—

m%quJrq(ﬁ/\B) (1.12)
where m is the mass of the particle, ¢ its charge, ¥ its velocity, E and B are the
electric and the magnetic fields, respectively.

Then, the circular motion around the field line is produced by the Lorentz force,
with a pulsation given by:

_4B
- m
called cyclotron or Larmor pulsation. Instead, the Larmor radius of the circular
rotation motion, is given by

(1.13)

We

v, mu,
- 1.14
" w. qB ( )

Therefore, r;, increases with increasing transverse velocity to the magnetic field, v,
and decreases with increasing magnetic field intensity, B.



Since the velocity scales as the square root of the kinetic energy, if the energy is
related to the thermal motion of the particles then, in the case of deuterium:

VT (keV) (1.15)

2B (T)

ry, (em) =~

In practice, taking a 10 keV plasma immersed in a magnetic field of 5 T, then rj, ~
0.3 cm for deuterium, and this length is much smaller than the typical dimensions
of the chamber (~ 1 m). For electrons, r is even smaller. The gyration of ions
and electrons around the guiding centre is a phenomenon comparable to that of
small coils carrying current. Indeed, similarly to currents in coils, charged particles
produce a dipole moment when immersed in a magnetic field. A small field is
generated that is opposite to the external magnetic field, thus reducing the latter.
This behaviour is called plasma diamagnetism.

So far, an ideal configuration of an infinite cylinder has been considered. How-
ever, into a real scenario the size of the device is finite. Throughout years, several
kind of geometries for plasma confinement have been studied. The toroidal geom-
etry has proved to be the most promising. Essentially, a torus consists of a finite
cylinder, bended so that the two ends are joint, resulting in a closed geometry. How-
ever, The ideal confinement conditions begin to break down in the case of the toroid.
The confinement technique loses effectiveness, due to the arising of magnetic field
inhomogeneities.

The plasma particles, when immersed in non-uniform magnetic fields, will expe-
rience velocity drifts. In this treatment, collisions between plasma particles and
particle-waves interaction are ignored, and only interactions with external forces are
considered. The arising of drifts is studied in toroidal configurations, leading the
particles to escape from the machine.

Assuming that we have a magnetic field parallel to the axis of the torus, if there were
no external forces I = 0, then the trajectory of ions and electrons would be helical.
If instead F' # 0 (due, for example, to inhomogeneities in the magnetic field), in
addition to the circular motion in the plane orthogonal to the magnetic field, a drift
velocity is established, in the same plane on which the circular motion occurs. This
trajectory is called cycloid. The velocity of a particle in this case can be expressed
as follows:

T)=T}H +17T0t+27d (1.16)
where o
FAB

Uy = 1.17

Ud (B2 ( )

is the drift velocity, which is always perpendicular to the direction of the magnetic
field and to the external force acting on the particle [9]. Then, the particle motion
will have a component parallel to the field B (7)), possibly accelerated by an external
force F,), a rotational motion around the magnetic field line (¥,.), and a drift of
the Larmor centre of rotation (9,).

This approach, called the guiding centre approximation, is applicable to both ions
and electrons and is valid under some conditions: the typical dimensions of the
plasma must be much larger than the Larmor radius of the ions; collisions are not

7



considered; the temporal and spatial variations of the external forces and the mag-
netic field must be small on the spatial and temporal scales of the gyration motion.

The Tokaméx is a device for studying nuclear fusion, confining plasmas in a closed
geometry through magnetic fields (a schematic is shown in Figure 1.3). It consists
in a toroidal chamber wrapped by coils used to generate a magnetic field along the
axis of the torus.

Figure 1.3: Schematic of a tokamak device and its fields. (1) Central solenoid for the
production of the toroidal current (and poloidal magnetic field). (2) Toroidal magnetic
field. (3) Toroidal field coils. (4) Toroidal current. (5) Poloidal Field Coil for plasma
shaping and control. (6) Poloidal Field. (7) Resulting magnetic field lines. [10]

The inhomogeneities that arise in this type of closed field line configuration can
be derived. Let I be the current flowing in the coils. This is linked with each
circumference on which the magnetic field lies inside the torus. By the Ampere’s
circuitation theorem:

fé-dizszB:NOI (1.18)

therefore )
B o — 1.19
o (119)

where R is the radius of the device in cylindrical coordinates.
Ultimately, the Tokamak has an inhomogeneous magnetic field, due to the curvature



of the field lines but also due to its gradient: in fact, the field is greater closer to
the centre of the torus. Therefore

By = Uy + Deurs (1.20)

It can be shown that the drifts due to curvature and field gradient are given by the
following relations

VBAB
Uy = —fh———— 1.21
Uy 1% q32 ( )
2 — —
5 My Ron B (1.22)

Veurv = —
R%  ¢B?

where p is the magnetic dipole moment of the particle, v is the velocity parallel to
the magnetic field, R¢ is the distance from the central axis of the torus (the radius of
curvature related to the curvature of the field lines) [9]. Both effects, in the toroidal
configuration, induce a drift of the particles in the vertical direction. Furthermore,
the presence of the charge ¢ in Eq. 1.21 and 1.22 leads to an opposite drift in the
case of electrons and ions, establishing a net current with consequent separation of
the charges which produces an electric field E. The drift due to the electric force
F =qFE is given by

EAB

VE = B2

which is independent of the charge. This fact will lead to a translation of the entire
plasma. In the case of the toroid, this drift is directed outwards, that is, towards
the direction of R.
As a result, given a high-temperature plasma, there would be a rapid loss of par-
ticles, resulting in damage to the chamber walls and contamination of the plasma.
This fact shows that it is not possible to use a purely toroidal field for plasma con-
finement in a Tokamak.
To solve the problem, the idea is to add a poloidal magnetic field that modifies the
field lines. To produce the poloidal field, a toroidal current is used in the plasma.
The latter is established using a current-carrying solenoid placed on the internal
vertical axis of the torus, which acts as the primary circuit of a transformer, while
the plasma itself acts as the secondary circuit.
The resulting magnetic lines are helical, and wrapped around toroidal surfaces. A
particle, following the field line, will repeatedly find itself above or below the surface,
and the vertical drift will cause the particle to move outside and inside that surface,
alternately. In this way the two effects compensate each other and the particle’s
orbit remains in a limited spatial region around the toroidal surface.
These surfaces are called magnetic surfaces. In the toroid both the poloidal compo-
nent Bp and the toroidal component Br of the magnetic field can be found. The
force lines of the total field B = Bp + By are helices that wind on toroidal surfaces.

(1.23)

In toroidal magnetic confinement devices, the safety factor q is a fundamental
parameter that characterises the winding of magnetic field lines around the torus. It
is defined as the number of toroidal revolutions a field line makes for each poloidal



revolution: )
toroidal turns  r Br

7= poloidal turns R Bp’
where R is the major radius, r the minor radius, By the toroidal magnetic field,
and Bp the poloidal magnetic field. Equivalently, the rotational transform ¢ is the
poloidal angle advanced per toroidal turn, with ¢ = 27/i.

Magnetic surfaces can be classified as rational or irrational depending on the
ratio i/27. On rational surfaces, i/2m = n/m is a rational number, meaning the
field line reconnects after a finite number of turns. On irrational surfaces, i/27 is
irrational, and the field line densely covers the surface in an ergodic fashion [2].

The safety factor ¢ is crucial for plasma stability: low or very high values of ¢
are associated with the onset of magnetohydrodynamic (MHD) instabilities, such
as kink or tearing modes. Typical tokamak operation aims to maintain ¢ within a
safe interval, often ¢ > 1 at the plasma center, to avoid such instabilities and ensure
effective confinement.

(1.24)

1.1.4 Energetic balance of a tokamak

In this section, the conditions under which a fusion reactor should operate to reach
ignition are discussed. The plasma should be able to sustain the fusion reaction
continuously, without the need for external heating.

Different tokamak operation regimes will be considered: ignition in the ideal case
(without energy losses due to transport); ignition in non-ideal cases; and the ex-
ternally driven regime, i.e., the case in which the plasma is sustained by external
energy input, without reaching ignition.

First, two important parameters are introduced: the reaction rate and the reac-
tivity.
The reaction rate represents the number of fusion reactions occurring per unit time
and per unit volume, at a specific location within the plasma. For two interacting
species with given distribution functions, the reaction rate R is given by

R- ff B, d355 0 (vrer) Vrer f1(50) fo2) (1.25)

where the integral is taken over all possible velocities of reactants 1 and 2 (¢; and
Ug, respectively). v,¢ is the relative velocity between ¢ and ¥, while f; and fy are
the distribution functions of the two reactant species.

Typically, in tokamak thermonuclear plasmas, the velocity distributions of the re-
actants are assumed to be Maxwellian:

3/2 2
m. m;vs
fi(vj) =n; (2%5}) exp (— 2Tjj ) (1.26)

where n; is the density of reactant j, m; its mass, and 7; its temperature. The
distribution function may vary significantly if different heating schemes are applied.
For a homogeneous plasma with constant n;, the reaction rate can be rewritten as:

R =nyny (ov) (1.27)
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where (ov) is called the reactivity. Figure 1.4 shows reactivity curves as a function
of temperature for Maxwellian distributions in various reactions.
The fusion power density P is described by:

temperature [keV]

. 10° 10 10° 10°
v 107t f ' '
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Figure 1.4: Reactivity as a function of plasma temperature (expressed in keV and GK)
assuming Maxwellian distributions, for DT, DD, and D3He reactions [11].

P =Rep=ning (ov) ey (1.28)

where €y is the energy released by a single fusion reaction. For the DT reaction, the
power densities corresponding to the specific reaction products are:

P, =npnr (ov) €,

1.29
P, =npnr(ov) e, (1.29)

with €, ~ €;/5 and €, ~ 4e;/5. One can note that €; = €, + €, S0
P;=P,+P, (1.30)

The power density depends on the total energy released per reaction and on the reac-
tivity. Assuming pure Maxwellian reactants, Figure 1.4 shows that the DT reaction
provides the highest fusion power density compared to DD and D3He reactions. For
simplicity and to maximize fusion power, the case n/2 = np = ny is considered.

Ignition

For a plasma with Maxwellian reactants, achieving ignition requires exceeding a
characteristic temperature such that the power generated by fusion surpasses the
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power lost by the plasma. This temperature is approximately 4 keV for DT and 40
keV for DD. However, energy losses also arise from other mechanisms. An effective
ignition temperature is defined, at which the charged products balance all energy
losses.

The power loss density is given by:

P =

- 1.31
= (1.31)

where 7 is the energy confinement time, and W is the total plasma energy density:
W:%/ﬁﬂ%f (1.32)

This loss is compensated by auxiliary heating, with power density
Py =Py (1.33)

The energy confinement time can be calculated from experimentally measurable

quantities:
w

= P_H
Fusion reactions produce charged particles (e.g., alpha particles in DT plasmas) that
transfer energy to the plasma via Coulomb collisions. For DT, the total fusion power
is:

5 (1.34)

P;=PFP,+P,~5P, (1.35)
The associated alpha power density (Equation 1.29) is:
1
P, = Z—an (ov) €q (1.36)
and Equation 1.33 becomes:
Py =Py =P+ P, (1.37)

Assuming uniform (in terms of temperature and density) plasma (Equation 1.32),

this can be rewritten as:
3nT

TE

The ignition condition occurs when auxiliary heating is not required (P& =0) and
the plasma is self-sustaining. Assuming uniform density and temperature, Equa-
tion 1.38 reduces to:

1
P+ ZnQ (ov)eq =

(1.38)

12 T
(TlTE)Z' > M; (139)
For Maxwellian distributions, the right-hand side of Equation 1.39 is minimized
at T' ~ 30 keV. In practice, 7g also depends on temperature, shifting the optimal
range to 10-20 keV, where the reactivity scales approximately with 72. The Lawson

criterion for ignition is thus:

(nTTg); > 3-10%

keV -s
— 5 (1.40)

For parabolic profiles of n and T' (varying with distance from the plasma centre),
the criterion becomes 5- 102! keV s m=3.
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Breakeven

Breakeven occurs when Py = Py, i.e., the fusion power equals the power lost:

P,=FP,+P, (1.41)
Similarly to ignition, the breakeven criterion is:
12 T 1

>Z - -z : 1.42

(n7e), 2 o) 5 (n7E); (1.42)

Hence, the n7g required for breakeven is five times smaller than that for ignition.

The Fusion gain factor
The gain factor ) of a tokamak is defined as:
_ thermal power output Py Py

heating power input P, pest

(1.43)

@ ranges from 0 to oo. @) =0 indicates no energy production (P =0), while Q) = oo
corresponds to ignition (P, = 0). For @ =1, the fusion power equals the auxiliary
heating power. Experimental reactors like ITER or SPARC aim for ) ~ 10, while
future energy-producing reactors target () ~ 30-40. These conditions correspond to
the externally driven regime.

Externally driven regime

In the externally driven regime, Pg" # 0. Denoting f, as the fraction of alpha
particle power retained in the plasma, energy balance requires:

Pty £,P > Py (1.44)

where P, accounts for all energy losses, including Bremsstrahlung and turbulence.
For the DT reaction, assuming an efficiency 7 for recovering energy leaving the
plasma, the auxiliary heating can be expressed as:

P&t =n[(1 = fo)Py+Py+ Pl 2n[(5- fo) P+ Pr] (1.45)

where P, ~ 5FP,. The fraction (1 - f,) of alpha particle power leaving the plasma
can be recovered and reused for heating.
The Lawson criterion for the externally driven regime becomes:

12 T

(nTE)extszg<0"U> Z"}/(?”LTE)i (146)
with 1
-1
yo 1.47
fa+77(5_fa) ( )

The ignition criterion corresponds to v = 1. If v < 1, ignition could in principle be
easier to achieve. In practice, however, achieving v < 1 is difficult due to the typically
low value of 7 (50.3). Note that in this analysis, total neutron power compensates
for losses; if neutron energy were to be used productively, n would decrease further.
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1.2 Gamma-ray detection

Tokamak plasmas emit various kinds of particles and radiation. In particular, these
particles carry valuable information about the plasma conditions.

In this thesis, the role of gamma-ray diagnostics in tokamaks is discussed, and practi-
cal applications of gamma-ray measurements are investigated. This section provides
a brief introduction to gamma-ray spectroscopy, focusing in particular on scintillator
detectors, taking Cerium-activated Lanthanum Bromide (LaBrs:Ce) as a reference.
A detailed description of gamma-ray detection can be found in Ref. [12].

1.2.1 Interaction of gamma-rays with matter

In a medium, radiation loses energy through different interaction mechanisms, which
depend on the type of particle or photon:

e Heavy charged particles (e.g., protons, alpha particles, and ionised nu-
clei) primarily lose energy via Coulomb interactions with the electrons of the
medium. At high energies, additional processes such as Bremsstrahlung can
contribute.

e Fast electrons (e.g., beta particles) also interact predominantly through
Coulomb collisions. They can additionally radiate energy via Bremsstrahlung
when accelerated in the electric fields of nuclei.

e Photons (X-rays and gamma rays) interact through discrete processes: the
photoelectric effect, Compton scattering, and pair production at high energies.
These interactions transfer energy to electrons or, in pair production, cre-
ate electron-positron pairs, which subsequently deposit energy in the medium
similarly to fast electrons.

e Neutrons interact with nuclei of the medium in discrete collisions, often trans-
ferring a significant fraction of their energy in each event.

This classification clarifies how different radiation types deposit energy, and it pro-
vides the basis for understanding the operation of detectors: in all cases, the mea-
surable signal arises from the energy ultimately transferred to electrons or nuclei in
the medium.

Fast electrons lose energy along a scattered, non-linear path within the material.
Their mean free path is generally larger than that of heavy charged particles, and
large deviations from the initial trajectory occur because the mass of the fast parti-
cle is comparable to that of the medium’s electrons. Consequently, a larger fraction
of energy can be lost in each interaction.

Bethe derived an expression describing the energy loss of an electron through colli-
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sions (referred as stopping power):

~ (d_E) _2metZN In mev2E
dx coll_ meU2 212(1_52)

- (In2) (2 1—52—1+52)+(1—52)+é(1— 1—52)2 (1.48)

where Z is the atomic number of the medium, N is the number of atoms per unit
volume, m, is the electron mass, v is the velocity of the incoming electron, 8 = v/ec,
E is the energy of the incoming electron, and [ is the mean ionisation potential of
the medium [13].

There are also radiative processes, mainly due to Bremsstrahlung emission, through
which fast electrons lose energy in the material. These processes are usually less
efficient but become more relevant for materials with high Z and at high electron
energies. From theory, any accelerated charged particle emits radiation, and the
acceleration corresponds to a deflection of its trajectory. The radiative energy loss
can be expressed as:

dE NEZ(Z + 1)t 2B \ 4
== = 41 - — 1.49
( dx )rad 137m2ct [ H (mec2 ) 3] ( )

The total energy loss rate is given by the sum of Equations 1.48 and 1.49.
Roughly, the range of fast electrons in materials is of the order of a few millimetres
per MeV, depending on the material’s density. The typical attenuation curve of fast
electrons is empirically approximated as:

[ =Te™ (1.50)

where [ is the initial intensity of the electron beam, I is the intensity after passing
through a thickness ¢ (g/cm?) of material, and n is the absorption coefficient.

Fast electrons have been discussed because gamma rays interact with matter pri-
marily by transferring their energy to the medium’s electrons. The main gamma—
electron interaction mechanisms are: photoelectric absorption, Compton scattering,
and pair production. As previously mentioned, gamma rays interact through one
or a few discrete events with electrons, whereas the latter gradually transfer their
energy to atoms.

Photoelectric effect

Photoelectric absorption is characterised by the complete transfer of the gamma-ray
energy to an atomic electron in the medium. In this process, the photon disappears,
giving all its energy to the ejected photoelectron. Typically, for sufficiently energetic
gamma rays, the photoelectron originates from the a K-shell of the atom, the most
tightly bound shells. The photoelectron gains an energy given by:

Ee:E'y_EB (151)
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where I, is the energy of the incoming gamma ray, and Ep is the electron binding
energy. For photons with energies of a few hundred keV or more, the photoelectron
acquires almost all the photon’s energy.

A vacancy is left in the atom, which can be filled by a free electron or by an electron
transition from an upper shell, producing a characteristic X-ray or, alternatively, an
Auger electron.

The photoelectric effect is the most probable interaction for gamma rays in the X-
ray and soft gamma-ray energy range, and it is enhanced in materials with high
atomic number Z. The photoelectric probability scales approximately as:

Zn
E3.5

~

(1.52)

T o<

where n varies between 4 and 5, depending on the gamma-ray energy range. This
strong dependence on Z explains why high-Z materials such as tungsten and lead
are effective gamma-ray shields.

Compton scattering

During Compton scattering, an incident gamma-ray photon interacts with an elec-
tron of the material. Both are scattered, and the photon transfers part of its energy
to the electron as kinetic energy. In this process, all scattering angles are possible,
and the transferred energy varies from nearly zero up to a significant fraction of the
initial photon energy. The energy of the scattered photon, E!, is given by:

E
E! = a (1.53)

71+ m]i”@(l —cosf)

where E, is the energy of the incoming photon, m, is the electron mass, ¢ is the
speed of light, and @ is the photon scattering angle relative to its initial direction.
As indicated by Equation 1.53, the energy transferred to the electron is negligible for
0 ~ 0, while it becomes maximal for # » 7, even though the photon is not completely
absorbed.

The angular distribution of the scattered gamma rays is given by the Klein—Nishina
formula, defining the scattering cross section as:

do

o
2 1 11+ cos?0 a?(1 - cos 6)?
ZTO(1+a(1—cosé)) ( 2 )(1+ (1+COSQQ)[1+Oz(1—COSQ)]) (154)

where 7 is the classical electron radius, a = E., /(m.c?), and Z is the atomic number
of the medium. The cross section is proportional to Z, as the probability of Compton
scattering per atom depends on the total number of available electrons. An example
is shown in Figure 1.5 for different photon energies.
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Figure 1.5: Polar plot of the Klein—Nishina angular distribution [14].

Pair production

When the incoming gamma ray has energy greater than twice the electron rest mass
(1.02 MeV), another process becomes energetically possible: pair production. This
mechanism becomes dominant when the gamma-ray energy exceeds a few MeV. It
occurs when the photon interacts with the electromagnetic field of a nucleus in the
absorber, producing an electron—positron pair while the photon disappears. The
excess energy above 1.02 MeV is shared as kinetic energy between the two particles.
The positron, after slowing down, annihilates with an electron in the medium, pro-
ducing two 0.511 MeV gamma rays emitted in opposite directions. These secondary
photons may subsequently interact via photoelectric absorption or Compton scat-
tering.

There is no simple analytical expression for the probability of pair production per
atom, but the cross section scales approximately with the square of the absorber’s
atomic number Z.

Figure 1.6 shows the absorption coefficients for the three main gamma-—electron
interactions as a function of photon energy, for lead (Z = 82).
In summary, the photoelectric effect dominates at low energies (up to a few hundred
keV) and for high-Z materials; pair production dominates at high energies (above
a few MeV) and for high Z; while Compton scattering is dominant at intermediate
energies or in low-Z materials. Figure 1.7 summarises the dependence on both Z
and photon energy.
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Figure 1.6: Absorption coefficients for gamma rays incident on lead (Z = 82). The three
main components are shown, as well as the total attenuation coefficient [15].
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Figure 1.7: Schematic showing the dominant attenuation mechanisms of gamma rays as
a function of photon energy and absorber atomic number Z [16].
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Attenuation

A gamma-ray beam passing through an absorber is attenuated either by absorption
or by deflection from its original direction. The attenuation per unit path length is
described by the linear attenuation coefficient, u:

H = Tphotoelectric + O Compton + Rpair production (155)

which determines the beam attenuation as:
I(x) = Ipe™™ (1.56)

The mean free path, defined as \ = 1/u, represents the average distance a gamma
ray travels before being absorbed or scattered. Typical values in solids range from
a few millimetres to several centimetres.

It is often convenient to introduce the mass attenuation coefficient (%), where p is

the absorber density. Equation 1.56 then becomes:
I(x) = Lpe (3)7! (1.57)

Finally, for compounds or mixtures:

(£)3-6)

where ¢ denotes the i-th element of the compound and w; is its weight fraction.

1.2.2 Inorganic scintillator crystals

In the crystal lattice of insulators or semiconductors, electrons can only occupy
discrete energy bands. The lower energy band is commonly called the valence band,
while the upper one is the conduction band. In the former, electrons are bound to
their lattice sites, whereas in the latter, they have sufficient energy to move between
lattice sites. Between these two bands lies the forbidden band, an energy gap that
electrons cannot access in a pure crystal.

When energy is absorbed by an electron, it can be promoted from the valence
band to the conduction band, leaving behind a vacancy (hole). The electron may
subsequently return to the valence band, but this process is usually inefficient, and
the emitted photon typically lies above the visible range.

In inorganic scintillators, the energy deposited by a gamma ray is converted into
visible light. To enhance visible photon emission during de-excitation, the crystal
is doped with small amounts of impurities known as activators. These introduce
additional energy levels within the forbidden band, known as recombination centres.
The promoted electron can then de-excite through these intermediate levels, emit-
ting photons of lower energy, typically in the visible range.

When a charged particle passes through the scintillator, a large number of electron—
hole pairs are generated. The holes tend to occupy activator sites, ionising them,
while the excited electrons migrate through the lattice until they recombine at these
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sites. The resulting de-excitation produces visible photons. Moreover, this mecha-
nism leads to materials that are transparent to scintillation light, since the emitted
wavelengths are longer than those required to create new electron—hole pairs. Other
competing processes may occur, such as phosphorescence (caused by thermal exci-
tation), which contributes to background light. One can refer to [12] for a more
detailed discussion on scintillators.

An ideal scintillator should exhibit the following properties:

e Efficient conversion of electron kinetic energy into visible photons, with most
emission occurring via prompt fluorescence.

A light yield that is linear with the deposited energy.

e Transparency to the visible light produced by prompt fluorescence.

A short decay time of prompt fluorescence, allowing for fast signal pulses.

e A sufficiently large volume to stop the incoming radiation.

A refractive index close to that of glass (~1.5) to ensure efficient optical cou-
pling between the scintillator and the light sensor (e.g. a photomultiplier
tube).

In practice, a compromise between these properties must be found, as no real ma-
terial satisfies all of them simultaneously. Inorganic scintillators generally provide
good light output and linearity, but have relatively slow decay times. Nevertheless,
for gamma-ray spectroscopy, they are well suited due to the high atomic number
and density of their constituents.

The state of the art in gamma-ray spectroscopy for tokamak applications is rep-
resented by Cerium-activated Lanthanum Bromide (LaBrs:Ce) crystals. In general,
Cerium activation provides a high light yield—a key parameter for inorganic scin-
tillators. Consequently, these materials exhibit excellent energy resolution, around
3% at 662 keV for LaBrs:Ce. This makes Cerium-activated scintillators among the
most widely used for gamma-ray spectroscopy.

The deposited energy is transferred to the Cerium activator sites, where a transi-
tion occurs between the 5d and 4f levels of Ce, resulting in the emission of visible
photons. Depending on the host crystal, the luminescence decay time of Cerium
ranges from about 20 to 80 ns. This places Cerium-activated scintillators between
traditional inorganic and organic scintillators, the latter being faster, with decay
times of only a few nanoseconds.

The most effective host crystals for Cerium are rare-earth halides (such as LaBrs:Ce
and LaCls:Ce) and certain rare-earth oxides. Lanthanum, being a rare-earth ele-
ment, forms crystals with a high effective atomic number and density, both favourable
for the photoelectric effect. This is the preferred interaction, as the entire photon
energy is absorbed without significant losses.

Some drawbacks of LaBrs:Ce include its strong hygroscopicity (which may dam-
age the crystal), anisotropic thermal expansion (which can induce internal stress),
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and intrinsic radioactivity due to the presence of 138La and 227Ac isotopes, which
contribute to background radiation. However, this intrinsic activity can also be ex-
ploited for convenient energy calibration and efficiency evaluation [17]. Despite these
limitations, LaBrs:Ce exhibits a relatively stable light yield over a wide tempera-
ture range and remarkable radiation robustness. These properties make LaBr;:Ce
an excellent candidate for gamma-ray spectroscopy in harsh environments such as
fusion reactors. A more detailed discussion is provided in Subsection 1.2.5.

1.2.3 The photomultiplier tube

After the conversion of the incoming gamma-ray energy into visible light within the
scintillator crystal, the light signal must be converted into a corresponding electrical
signal to be collected and measured. This task is commonly performed using the
photomultiplier tube (PMT).

A PMT is capable of converting a light signal consisting of as few as a few hundred
photons into a measurable current pulse, without introducing significant noise. This
technology remains one of the most widely used devices for converting light into an
electrical signal.

A PMT consists of a glass envelope that serves as a pressure boundary to main-

tain a vacuum inside, which is necessary to allow the generated electrons to be
efficiently accelerated. One of the major components of the PMT is the photo-
cathode, which converts incoming visible photons into low-energy electrons via the
photoelectric effect. This process involves three main stages: the absorption of the
incident photon and the transfer of energy to an electron within the photocathode
material; the migration of the electron inside the photocathode; and the escape of
the electron from the inner surface of the photocathode.
In the first step, a typical blue-light photon has an energy of approximately 3 eV,
representing the energy available for transfer to the electron. During migration to
the surface, the photoelectron loses energy primarily through collisions with other
electrons in the material. Upon exiting the surface, the photoelectron must have
sufficient energy to overcome the potential barrier at the interface between the pho-
tocathode and vacuum. For PMTs, the photocathode material is chosen to have a
low barrier (1.5-2 eV), allowing the photoelectron to escape. This implies an energy
cut-off, typically in the red or near-infrared range. To maximise the total number of
electrons available for amplification, the energy loss within the photocathode must
be minimised. Indeed, most photoelectrons are generated within a very thin layer
near the inner surface (from a few nanometres up to 25 nm, depending on the ma-
terial). Photocathodes of this thickness are semi-transparent, so fewer than half
of the incident photons are converted. The quantum efficiency is used to quantify
the photocathode’s efficiency in converting photons into electrons, defined as the
number of photoelectrons emitted per incident photon.

The resulting electron pulse mirrors the temporal profile of the scintillation light
reaching the photocathode. However, the charge produced by the photocathode is
too small to constitute a convenient electrical signal. Therefore, the PMT incorpo-
rates a multiplier section, where the electron signal is collected and amplified. In
practice, a typical scintillation pulse generates 107-108 electrons at the PMT output,
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providing a measurable current signal. PMTs generally produce an output signal
that is linear with respect to the number of incident photons. The duration of the
resulting current pulse typically ranges from 20 to 50 ns.

Electrons from the photocathode are first accelerated towards an electrode called the
dynode. The dynode material is selected so that each impinging electron releases
multiple secondary electrons. To produce more secondary electrons, the incident
electron typically requires more energy than it has immediately after leaving the
photocathode (about 1 €V). The dynode material requires energy on the order of
2-3 eV (comparable to its band gap) to emit secondary electrons. Therefore, the
production of secondary electrons is sensitive to the incoming electron’s energy. If
the electron energy is too high, secondary electrons may be generated too far from
the dynode surface, reducing the number that escape. Thus, an optimum electron
energy must be chosen. The multiplication factor ¢ is defined as the number of
secondary electrons produced per incident electron and should be maximised to en-
hance amplification.

This process is repeated over several stages to achieve electron gains of the order of
106. At the first stage, each photoelectron produces ¢ secondary electrons, which
are then accelerated to the second dynode, producing 62 electrons, and so on. After
n stages, the overall gain G is given by:

G=ad" (1.59)

where « is the fraction of photoelectrons collected by the multiplier section. Typi-
cally, conventional dynodes have § ~ 5, and ten stages produce a gain of 107 electrons,
assuming a ~ 1.

Identical repeated events do not yield exactly the same signal amplitude because
the process is statistical. The factor ¢ fluctuates around a mean value at each stage
and for each event. The production of electrons at a dynode can be approximated
as a Poisson process, with mean J, standard deviation /9, and relative variance
(0/0)? =1/§. For n identical stages, the mean number of electrons collected at the
anode is 0", while the overall relative variance is:

o> 1 1 1 1 1
(5) —54‘54‘54—4‘6—“25__1 (16())

For 6 > 1, the spread in the output pulse is dominated by fluctuations in the first
dynode, where the number of electrons is lowest.
These fluctuations, particularly when the number of photoelectrons is low, can in-
terfere with the detector’s ability to discriminate signal from noise. Therefore, the
higher the value of §, the better the signal-to-noise discrimination.

Finally, Figure 1.8 shows a schematic of a gamma-ray detection system using a
scintillator coupled to a PMT.

1.2.4 Gamma-ray spectroscopy

To perform gamma-ray spectroscopy, a scintillator must fulfil two key requirements.
The first is the capability to convert as much of the incoming gamma-ray energy as
possible into a detectable signal. The second is the ability to discriminate between
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Figure 1.8: Schematic of a scintillator crystal with applied a photomultiplier tube. [18]

different gamma-ray energies.

In this treatment, it is assumed that the secondary electrons produced by fast elec-
trons following gamma-electron interactions are completely absorbed by the scintil-
lator without losses. In practice, only a small fraction is effectively lost, primarily
if large scintillators (with minimum dimensions of at least 1 cm) are used.

In Subsection 1.2.1, the three main gamma-electron interaction mechanisms were
described. Here, it is discussed how these three processes affect measurements when
using a scintillator detector.

During photoelectric absorption, the original gamma-ray disappears while a sin-
gle fast electron is emitted, with energy E,—-Ep, where I/, and Ep are the gamma-ray
energy and the K-shell binding energy, respectlvely Assummg E,21MeV, Ep rep-
resents a negligible fraction of the total gamma-ray energy, usually ranging from a
few keV to a few tens of keV, so that almost all the incoming photon energy is ab-
sorbed by the scintillator. The vacancy created in the atom can then be filled by an
electron from an upper shell, producing a characteristic X-ray or an Auger electron
can be generated. The X-ray may interact via the photoelectric effect, releasing the
remaining energy. If no losses occur, the photoelectric effect represents the ideal
interaction for gamma-ray spectroscopy, as the entire incoming energy is converted
into a detectable signal. The resulting energy spectrum would be a delta function
centred at F., called the full energy peak or, if the photoelectric effect dominates,
the photopeak.

Compton interactions, in contrast, produce a scattered gamma-ray and a fast
electron, with energies depending on the scattering angle. The scattered gamma-
ray can escape from the scintillator without further interactions, resulting in partial
energy deposition. The energy deposited in the scintillator can vary from zero (for
0 ~ 0) up to a maximum value, the Compton edge, corresponding to backscatter-
ing (0 = 7). The energy gap between the original gamma-ray energy £, and the
Compton edge energy E.(6 = 7) is given by:

L,

Bpup =By - E(§=7) = ———1
sop = B = B0 =) = 1750 e

(1.61)
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The resulting energy spectrum forms a continuum from zero up to the Compton
edge, with a sharp drop at this energy. If the secondary gamma-ray is absorbed by
the scintillator, a full energy peak also appears. If the secondary gamma-ray escapes
after interacting and losing part of its energy, the gap between the full energy peak
and the Compton edge is partially filled.

Finally, in pair production, an electron and a positron are generated. The elec-
tron deposits all its energy in the scintillator, while the positron annihilates with an
electron of the medium after slowing down, producing two gamma-rays of 0.511 MeV
each. One or both of these gamma-rays may escape from the scintillator without
further interactions, resulting in partial energy deposition (single escape and double
escape, respectively). The energy gaps between the full energy peak and the single
escape peak or the double escape peak are 0.511 MeV and 1.022 MeV, respectively.
The resulting energy spectrum thus features three peaks: the full energy peak, the
single escape peak, and the double escape peak.

We now consider the response function of a scintillator detector irradiated with
monoenergetic gamma-rays for three idealised cases: small, large, and medium de-
tectors.

For a detector with “small” dimensions (with characteristic length of 1-2 cm)
compared with the mean free path of secondary gamma radiation produced by
Compton scattering or pair production (several cm), all secondary radiation escapes
the absorber, while the full absorption of energy carried by electrons is assumed.
The resulting energy spectrum exhibits the features described for the three interac-
tion mechanisms, but some details may not be visible: the photopeak includes only
events where the photoelectric effect occurred; for Compton scattering, full energy
absorption is no longer visible and only the Compton continuum appears; for pair
production, only the double escape peak is visible, while the single escape and full
energy peaks are absent.

For “large” detectors (many tens of cm), all secondary radiation is absorbed
within the scintillator. Here, the full energy peak encompasses all events in which the
entire gamma-ray energy is absorbed, regardless of the interaction mechanism. The
Compton continuum is no more visible, as all scattered gamma-rays are absorbed.
Both single and double escape peaks are absent, since all secondary gamma-rays
from positron annihilation are absorbed. Although such a detector seems ideal for
gamma-ray spectroscopy, it is impractical due to self-absorption of scintillation light.

A compromise is to select an optimally sized detector. For a “medium”-sized
detector (a few cm), all the features described above are visible in the energy spec-
trum, providing a good balance between efficiency and resolution. An example of
gamma-ray spectrum collected using a scintillator is shown in Figure 1.9, where the
features previously described are visible.

As noted earlier, the actual response function depends on the energy of the
gamma-ray emission. At low energies (up to a few hundred keV), the photoelectric
effect dominates, while Compton scattering and pair production are negligible. As
the energy increases, features from Compton scattering and pair production appears,
while the photoelectric effect becomes less significant. The effective Z of the material
also influences the relative contributions of each mechanism (see Figure 1.7).
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Figure 1.9: Gamma-ray spectrum resulting from neutron capture in an Am—Be source,
recorded using a scintillator. [19]

Therefore, the actual response function depends on the size, shape, and composition
of the scintillator, as well as the energy of the incoming radiation. Its evaluation is
complex and is usually performed using MonteCarlo simulations.

Finally, an important parameter for a spectrometer is the energy resolution. For
a spectral peak, it is commonly defined as:

FWHM

R= e (1.62)
where FWHM is the “full width at half maximum” of the full energy peak, and Hy
is the height of the peak.
The main source of resolution loss is statistical fluctuations in the PMT gain. As
discussed earlier, the most significant contribution arises from the stage with the
fewest information carriers.
Considering only statistical broadening of the peak, the FWHM can be expressed
as FWHM o \/E, while Hy o< E/,. Thus, the energy resolution can be written as:

FWHM B, K
= = K =
H, Ey \/E

where K is a constant of proportionality. Taking the logarithm of both sides of
Relation 1.63:

R

(1.63)

lnR:an—%lnE7 (1.64)

A plot of In R against In £, yields a linear relation with a slope of —1/2. In practice,
the slope is less steep than predicted, due to additional sources of non-statistical
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broadening.

1.2.5 LaBrj;:Ce Scintillator Detectors for Gamma-Ray Diag-
nostics in Tokamaks

The spectrometers based on LaBrs:Ce scintillators currently represent the state of
the art in gamma-ray spectroscopy for tokamak applications. Over the past few
years, the majority of gamma-ray diagnostics in magnetic confinement fusion de-
vices have progressively adopted this technology, mainly due to its good perfor-
mance in harsh fusion environments and its capability to operate reliably under
high particle flux conditions. The key advantages of LaBrs:Ce scintillators include
their robustness against neutron-induced damage and their ability to sustain very
high counting rates when coupled with appropriate hardware and signal-processing
techniques. These features are particularly relevant for the advanced operational
scenarios expected in next-generation tokamaks [20, 21].

LaBrs:Ce scintillators also exhibit good linearity up to energies of 10-20 MeV,
a high light yield (approximately 63 photons/keV), and a relatively high detection
efficiency up to about 10 MeV. In addition, their short scintillation decay time
(about 16 ns) enables operation at counting rates of several MHz, provided that
efficient pile-up recovery algorithms are implemented. Owing to the high photon
yield, LaBrs:Ce detectors achieve good energy resolution (approximately 3.2% at
662 keV), allowing the acquisition of high-quality spectra, particularly at photon
energies below 5 MeV. As a result of these characteristics, LaBrs:Ce-based detectors
have become a primary choice in a wide range of applications, including space sci-
ence, radioactive isotope identification, medical gamma-ray imaging, and, notably,
diagnostics for magnetic confinement fusion reactors [22, 23].

In tokamak experiments, LaBrs:Ce scintillators are mainly employed for indirect
measurements of fast ions through the detection of gamma-ray emission originating
from the de-excitation of nuclei produced in fusion reactions, or from secondary re-
actions involving energetic ions and plasma impurities. Among the most extensively
studied species are fusion-born alpha particles generated in DT and D3He reactions,
as well as suprathermal ions such as fast deuterons injected into the plasma or
accelerated by radio-frequency heating schemes.

At the Joint European Torus (JET) in Culham (UK), several gamma-ray diag-
nostics based on LaBrs:Ce scintillators were installed. These included the upgraded
gamma camera, which consists of multiple lines of sight intersecting the plasma to
provide spatially resolved measurements. Fach channel is equipped with a LaBrs:Ce
detector, enabling gamma-ray spectroscopy along distinct lines of sight. Through
the application of dedicated deconvolution algorithms, spatial profiles of energetic
particle populations can be inferred. This diagnostic has been employed to inves-
tigate a variety of MeV-range particles, including fast ions and runaway electrons.
For instance, alpha-particle birth profiles have been reconstructed in D3He plasmas
by observing the gamma-ray emission associated with secondary reaction channels
of the D3He fusion process [24].
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In addition to the gamma camera, two single-line-of-sight gamma-ray spectrome-
ters based on LaBrs:Ce scintillators are installed at JET. The first one, referred to as
the vertical gamma-ray spectrometer (VGRS), is positioned to observe the plasma
from above, providing a vertical line of sight. The second system, the tangential
gamma-ray spectrometer (TGRS), is arranged such that its line of sight intercepts
the inner first wall and lies in the equatorial plane of the torus, approximately 30 cm
below the plasma centre. Both diagnostics have been extensively used for fast-ion
studies through the observation of characteristic gamma-ray emissions. A notable
example is the 4.44 MeV gamma-ray line from the 9Be(«,yn)!2C reaction, which
has been widely exploited to study alpha particles and to extract information on
their velocity distribution. For fast deuterons, prominent gamma-ray lines originate
from the Be(D,ny)'°B and ?Be(D, py)'°Be reactions, typically in the energy range
between 1 and 5 MeV [25].

LaBrj3:Ce scintillators have also been extensively employed in runaway electron
studies at several tokamaks, particularly during dedicated experiments involving
artificially induced disruptions, for example through rapid argon injection into the
plasma. During runaway electron events, intense Bremsstrahlung emission is pro-
duced as a consequence of Coulomb interactions between relativistic electrons and
plasma ions. This radiation is usually concentrated in the hard X-ray energy range,
but photon energies extending up to several tens of MeV can be reached in toka-
mak plasmas, corresponding to the gamma-ray domain. Such events are typically
associated with extremely high counting rates at the detector location, which can
reach values of the order of 107 Hz. These demanding experimental conditions
make LaBrs:Ce scintillators particularly well suited for the detection and study
of Bremsstrahlung emission from runaway electrons. A prominent example is the
REGARDS diagnostic installed at the ASDEX Upgrade tokamak in Garching (Ger-
many ), which is based on LaBrs:Ce detectors and has been specifically developed to
observe runaway-electron-induced Bremsstrahlung radiation. By applying suitable
deconvolution techniques, it has been possible to reconstruct the one-dimensional
energy distribution of runaway electrons from experimental hard X-ray spectra, as
well as to estimate the time-resolved maximum runaway electron energy [26].

A characteristic feature of LaBrs:Ce scintillators is the presence of an intrinsic
background arising from the natural radioactivity of some constituent isotopes, most
notably ¥8La and 227Ac. The decay of ¥8La produces a distinctive peak at approx-
imately 1470 keV, mainly due to electron capture followed by gamma-ray emission.
Given its extremely long half-life (of the order of 101! years), the associated activity
can be considered constant over experimental timescales. The decay chain of 227Ac
gives rise to a broader spectral structure extending roughly from 1.5 to 3 MeV, pri-
marily due to alpha decays. While this intrinsic background may limit measurements
at very low counting rates, especially at low photon energies, tokamak experiments
are typically characterised by intense gamma-ray emission from the plasma. Under
such conditions, the intrinsic background of LaBrs:Ce scintillators can be advanta-
geously exploited as an internal reference for low-energy auto-calibration, performed
on a discharge-by-discharge basis throughout an experimental campaign [17].

LaBr3:Ce scintillators are also sensitive to neutrons, which interact with the de-
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tector material mainly through inelastic scattering and nuclear reactions involving
™Br, 81Br, and ¥°La. During tokamak operation, intense neutron fluxes are gener-
ated, primarily from DD and DT fusion reactions, producing neutrons with energies
of approximately 2.5 and 14 MeV, respectively. Consequently, LaBrs:Ce detectors
must be operated in conjunction with appropriate neutron attenuators when in-
stalled in fusion environments. The intrinsic detection efficiency of LaBrs:Ce scin-
tillators is approximately 76% for 2.5 MeV neutrons and about 43% for 14 MeV
neutrons [27, 28|.

In recent years, a novel diagnostic approach has been investigated for fusion
power measurements in tokamaks based on gamma-ray detection. In particular,
LaBrj;:Ce scintillators have been employed to measure the gamma-ray emission as-
sociated with secondary channels of the DT fusion reaction and to determine the
corresponding gamma-per-neutron branching ratio for the first time in a magnetic
confinement fusion reactor. This has enabled absolute measurements of the gamma-
ray yield at JET during DT operations. A similar approach can also be applied
to D3He plasmas, providing a unique method for assessing fusion power through
gamma-ray diagnostics [29, 30, 31].
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Chapter 2

Fusion Power Measurements:
A gamma-ray detector for the SPARC tokamak

2.1 A novel technique to measure fusion power

2.1.1 Neutron—based diagnostics for fusion power measure-
ments

The strong magnetic field applied in a tokamak effectively confines charged parti-
cles. As a result, fusion-born charged products remain trapped within the plasma.
Neutral particles, such as neutrons, on the other hand, are unaffected by magnetic
fields and can escape. In particular, DT and DD fusion reactions produce neutrons
with energies of approximately 14 MeV and 2.5 MeV, respectively. These neutrons
carry valuable information about the plasma and can be exploited for diagnostic
purposes.

Neutron diagnostics are used for evaluating ion temperature, plasma ion composi-
tion, spatial plasma profiles, reactant distributions, and, crucially, fusion power. In
tokamaks, dedicated systems are used to measure the total neutron rate, which is di-
rectly related to the fusion power. [32] At JET, this has traditionally been achieved
using neutron flux monitors cross-calibrated with activation foils. To date, this re-
mains the only well-established method for determining fusion power in tokamaks.

Accurate neutron yield measurements have been fundamental for machines such
as JET, JT-60U, and TFTR, and will be equally important for future devices like
SPARC, BEST, ITER, and DEMO [33]. These diagnostics support both plasma
physics studies and machine control and protection [34]. Time-resolved and time-
integrated neutron measurements provide, respectively, the instantaneous fusion
power and the total fusion energy released per discharge, enabling the calculation
of the fusion gain factor @ [34].

Tokamaks such as JET, TFTR, and JT-60U have employed a variety of neutron
diagnostics, with fission chambers being the most widely used solution for neutron
flux monitoring [35, 36, 37]. These detectors operate by exploiting fission reactions
in materials such as ?*°U and 238U. At JET, the neutron monitoring system was
designed to operate over a wide dynamic range, spanning from 10® n/s in hydrogen
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or deuterium ohmic plasmas up to 10! n/s in DT plasmas [34]. For DT operation,
the detectors were calibrated using a 14 MeV neutron generator positioned inside
the vessel via the remote handling system [38]. Three pairs of fission chambers were
installed in moderator assemblies at the midplane, close to the transformer limbs
[34]. However, a major limitation of fission chambers is their inability to discriminate
between DD and DT neutrons.

Activation foils represent another important class of neutron diagnostics and
play a complementary role to neutron flux monitors by providing reliable measure-
ments of the time-integrated neutron yield over the full duration of a discharge |39,
40]. Enclosed in polyethylene capsules, the foils are pneumatically transferred to
predefined irradiation ends near the vacuum vessel before each plasma pulse and
retrieved after the discharge for off-line analysis [40]. Each foil consists of a metallic
disk, typically 18 mm in diameter, with thickness and mass selected according to
the expected neutron spectrum.

The analysis is based on the detection of gamma radiation emitted by neutron-
activated nuclei in the foil, usually employing high-purity germanium (HPGe) de-
tectors or sodium iodide (Nal) scintillators [39]. From the measured gamma-ray
activity, the number of activated atoms is inferred and converted into a total neu-
tron yield. Accurate neutron transport calculations are required to relate the local
neutron fluence at the foil position to the global neutron production rate [40]. Dif-
ferent foil materials are selected depending on the neutron energy range of interest:
for DT neutrons, high-threshold materials such as 56Fe, 27Al, ?3Nb, and 28Si are

commonly used, while '*°In is particularly suitable for DD neutrons [40].

Both neutron flux monitors and activation systems require careful calibration
using well-characterized neutron sources. This is typically achieved by scanning a
calibrated source throughout the vessel using remote handling systems, thereby sim-
ulating the spatial distribution of plasma neutron emission [41]. At JET, extensive
calibration campaigns have been carried out at both 2.5 MeV and 14.1 MeV using
252Cf sources and neutron generators [41, 38, 42].

Despite their proven effectiveness, these methodologies rely heavily on detailed
Monte Carlo simulations of neutron transport through the entire machine and on
extensive in situ calibration campaigns [34]. Furthermore, fission chambers are sensi-
tive to both direct and scattered neutrons, including contributions from unintended
angles or from DD reactions, which complicates the interpretation of the measured
signals [35]. For these reasons, activation systems are routinely used in conjunc-
tion with neutron flux monitors. In addition, major calibration campaigns must be
repeated whenever the tokamak configuration is modified.

An alternative approach to fusion power measurements in DT plasmas consists in
combining neutron spectroscopy with neutron camera measurements. This method,
experimentally tested at JET using the Magnetic proton Recoil (MPR) spectrometer
and the neutron camera, significantly reduces the dependence on detailed neutron
transport modeling and removes the need for absolute calibration campaigns [43].
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2.1.2 Gamma-ray—based diagnostics for fusion power mea-
surements

Gamma-ray emission from the DT reaction

As previously discussed, fusion power can be inferred from measurements of the
fusion reaction yield during experimental campaigns. In deuterium-—tritium (DT)
plasmas, the main observable product is the 14.1 MeV neutron originating from
the D(T,a)n reaction channel. However, this is not the sole branch through which
the DT fusion reaction can proceed. A less probable channel, characterised by the
emission of a gamma-ray, has been observed: D(T,’He)y. In principle, detecting
gamma-rays from this reaction can offer a neutron-independent estimation of fusion
power in DT plasmas, provided that the branching ratio associated with the gamma
emission channel is known with sufficient accuracy, in order to obtain a precise eval-
uation of the more dominant neutron yield.

The so-called “gamma-per-neutron branching ratio” (BR,,) — namely, the num-
ber of reactions with gamma-ray emission for each reaction with neutron emission —
has been investigated across a range of experimental contexts, including beam—target
configurations and inertial confinement fusion devices. These studies have reported
results spanning approximately one order of magnitude, with typical values in the
range of 1075 to 10~ ~/n [4, 44, 45].

The first observation of the DT gamma-ray spectrum in a magnetic confinement
fusion device was reported by Rebai et al. in Ref. [30] during the DTE2 experimental
campaign at JET. Building on that work, Dal Molin et al. subsequently provided,
for the first time in a tokamak, an estimation of the BR,/, associated with the DT
reaction. Their publication in Ref. [29] includes a schematic overview of historical
BR,/, measurements and reports the value obtained at JET during DTE2, resulting
in 2.4-1075 y/n.

In this rare reaction channel, a gamma-ray is emitted, with its energy determined
by the specific nuclear level transition in the excited He nucleus:

D+T - "He™ - "He® + 1, (2.1)

D+T - °He™ - °He's' + 4 (2.2)

At energies typical of tokamak plasmas, the most probable gamma-ray emissions
occur around 16.7 MeV and ~ 14 MeV, referred to as 7y and 77, respectively. [46, 47]
During the DT reaction, the He nucleus is initially produced in its second excited
state, characterised by a total angular momentum of J* = 3/2*. As illustrated in
Figure 2.1, this isotope typically undergoes immediate disintegration into a neutron
and an alpha particle, with energy distributed between the two as kinetic energy.
However, a radiative transition to either the first excited state (J™ = 1/27) or the
ground state (J™ = 3/27) can occur, accompanied by the emission of v; and 7,
respectively. The resulting ®He nucleus then undergoes disintegration into a neutron
and an alpha particle, although in this case, a significant fraction of the total energy
is carried away by the photon. Rebai et al. in Ref. [30] also provided an evaluation
of the relative yield between ~; and 7, emissions based on DTE2 measurements,
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Figure 2.1: Schematic of the *He decay processes during the DT reaction.

resulting in /79 = 1.09 £ 0.25. The total gamma-per-neutron branching ratio is

computed as follows:
Y, Y +Y.
BR.,, =—=-2_1 2.3
where each Y; denotes the measured yield of the corresponding ith-particle.

The DT gamma emission spectrum, shown in Figure 2.2, can be predicted using
the R-matrix formalism [48], which is derived from a semi-empirical nuclear model.
The resulting spectrum exhibits a broad distribution rather than distinct monoen-
ergetic peaks. Specifically, the superposition of the vy and v; components results in
a wide spectral feature spanning from approximately 10 MeV to 17 MeV.

A novel idea

Unlike charged particles, gamma-rays are unaffected by the tokamak magnetic field
and can be detected externally using dedicated diagnostics. Provided that the
branching ratio of the DT gamma-ray emission has been characterised in tokamak
conditions, it becomes reasonable to estimate fusion power based on gamma-ray
yield, independently of neutron diagnostics. This would represent a fundamentally
distinct and complementary measurement technique. In scenarios where neutron-
based fusion power diagnostics cannot be exploited, the gamma-ray method could
provide the only available solution of assessing fusion power. For example, in the
context of aneutronic fusion reactions such as D3He or p!'B, gamma-ray diagnostics
may even constitute the only viable approach to determining fusion power. More-
over, it offers the possibility of cross-validating neutron-based measurements.
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Figure 2.2: ~ and ~; emission spectra (blue and orange, respectively). The sum of the
two components is shown in green, weighted by their respective yields.

Gamma-ray diagnostics for fusion power estimation present several advantages

over their neutron-based counterparts. They generally do not require extensive
calibration campaigns or detailed Monte Carlo simulations of the reactor geometry,
owing to the relative simplicity of gamma-ray transport modelling compared to neu-
trons. However, several significant challenges must be addressed.
First, it is fundamental to have a precise determination of the BR., for the DT
reaction at tokamak relevant energies. Second, one must account for the gamma-ray
background, which can substantially affect the measurement accuracy. In partic-
ular, interactions of fusion neutrons with the tokamak’s structural materials give
rise to high-energy gamma rays, typically spanning up to 10-12 MeV, depending
on the energy of the incident neutrons (e.g., 14 MeV from DT, 2.5 MeV from DD,
or thermalised neutrons). This emission constitutes a significant component of the
total gamma flux observed in tokamaks [49], and may pose operational challenges
for gamma-ray diagnostics, especially if background count rates lead to detector
saturation. Even if such background radiation does not significantly overlap the
energy window of DT gamma-ray emissions, a detailed characterization of its spec-
tral shape and total yield is crucial. Monte Carlo simulations (e.g., via MCNP),
validated against data from existing facilities such as JET, will be necessary to
quantify the background in the 10-17 MeV range. Without a clear and accurate
understanding of these background contributions, fusion power estimates derived
from gamma-ray measurements may not reach the same accuracy level of neutron
based measurements, i.e., ~ 10 %.
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The experience from JET

At JET, a pre-existing gamma-ray diagnostic was used to observe the DT gamma-
ray component [30, 31]. This diagnostic featured a 3” x 6" LaBrs:Ce scintillator,
representing the state of the art of gamma-ray measurement in tokamak environ-
ments |25, 50]. The detector was aligned along a line of sight lying on the horizontal
midplane and tangential to the inner wall of the vacuum vessel. This configuration
allowed the system to observe the plasma core twice along its optical path. To mit-
igate the intense neutron flux entering through the same line of sight, a cylindrical
Lithium Hydride (LiH) attenuator, 0.8 meters in length, was installed [51].

The acquisition system included a photomultiplier tube (PMT) coupled to the scin-
tillator, equipped with an active voltage divider to accommodate high-energy and
high-count-rate conditions, reaching up to 1 Mcps. Nevertheless, based on direct
experience, 500 kHz has been identified as the upper limit of the count rate for
fusion power measurements, due to pile up effects that start hinder accurate signal
reconstruction, and due to the resulting high current distorting the waveforms. The
signal was digitized using a National Instruments NI5772 analog-to-digital converter
operating at 200 MHz, with continuous data streaming capability, thereby eliminat-
ing dead time and enabling pile up correction. A dedicated control and monitoring
system was also employed: two LED pulses were injected directly into the photo-
cathode of the PMT to track and correct gain drifts associated with high count
rates.

This system, known as the Tangential Gamma Ray Spectrometer (TGRS), success-
fully observed the DT gamma-ray emission and enabled the first estimation of the
BR,, in a magnetic confinement fusion device. The measured branching ratio was
determined to be (2.4 +0.5) x 1075 v/n [29].

To derive the total DT gamma-ray yield from the entire plasma, the integrated
counts recorded by the TGRS along its line of sight must be corrected using the
detector response function and the gamma-ray transport factor. The total yield is
given by:

[ CL(B)dE
y,= 3 /

_ (2.4)
5 Q[ S (B)-T(E)- R(E)dE

Here, €2 denotes the solid angle fraction of the detector, including geometrical and
optical transport effects. R(F) is the energy-dependent response function of the
detector, T'(E') represents the energy-dependent transmittance factor (including the
effect of attenuators), and S,, (E) is the normalized spectral shape of the respective
ith-gamma emission, as obtained via R-matrix calculations. Finally, C.,(E) refers to
the experimentally measured count rate as a function of energy. The integration is
carried out over the relevant energy range [ Epin, Emas] usually set to E,,;, ~ 12 MeV
and E,,.. » 17 MeV, after background subtraction.

The design and implementation of a new gamma-ray diagnostic system for future
tokamaks may benefit from the experience gained with the TGRS at JET, offering
a viable alternative to neutron-based fusion power measurements.
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2.2 A first feasibility study: the case of SPARC
2.2.1 The SPARC tokamak

One of the main challenge that tokamaks will face during the next decades is the
achievement of a fusion gain factor Q>1. This means that the tokamak is able to
produce a certain amount of energy directly from fusion reactions that overcome the
energy injected in the plasma to maintain it sufficiently hot to “burn” nuclei. This
goal is crucial for upcoming tokamaks that aim to demonstrate the feasibility to use
fusion as a source of commercially available energy. To obtain an estimation of the
Q factor, fusion power measurements are necessary.

SPARC is a tokamak currently under construction in Devens (MA, USA) by
Commonwealth Fusion Systems (CFS) [52, 53|, designed in collaboration with the
MIT Plasma Science and Fusion Center. Its goal is to be the first magnetic confine-
ment fusion device to achieve a fusion gain factor ) > 1. SPARC is a medium-sized
machine, with a major radius R = 1.85 m, a minor radius a = 0.57 m, and a high
magnetic field By ~ 12 T, capable of operating in deuterium-tritium (DT) mixtures.
This represents an alternative approach compared to other devices under construc-
tion, such as ITER, which will achieve similar performance with lower magnetic
fields but significantly larger plasma volumes. This has been made possible by using
high-temperature superconductors (HTS), specifically REBCO (Rare Earth Barium
Copper Oxide), for the magnetic coils. These materials can operate at higher tem-
peratures than low-temperature superconductors (LTS), such as NbgSn, which is
planned for use in ITER. In principle, this leads to significantly reduced construc-
tion time and cost, as well as lower technological complexity.

SPARC will follow the “high-field path to fusion energy”. According to the Law-
son criterion, achieving high fusion performance requires increasing the “triple prod-
uct”. This can be done in three main ways: (i) increasing the plasma [, i.e., the
ratio between the kinetic and magnetic pressures (attempted in spherical tokamaks,
such as the STEP project in the UK), (ii) increasing the machine size (e.g., ITER)
and, hence, the energy confinement time, or (iii) increasing the magnetic field (e.g.,
SPARC). In the latter case, the use of superconducting magnets is essential. Ohmic
heating of traditional copper coils would be prohibitively high to allow for economi-
cally viable operations, as the duration of the discharge would have to be too short.
In principle, SPARC relies on the same physics and technologies as previous toka-
maks, with the key differences being its significantly smaller volume (about 2% of
ITER’s volume) and the use of REBCO magnets. Plasma heating will be provided
primarily via Ion Cyclotron Resonance Heating (ICRH), with a power of up to
24 MW, targeting minority species such as Hydrogen and Helium-3.

SPARC will be equipped with several neutron diagnostics [54], including Neutron
Flux Monitors (NFM), an activation foil system (FOIL), a radial Neutron Camera
(NCAM), and a core Neutron Spectrometer (NSPC). During its first experimental
campaigns, both DD and DT plasmas are planned, which will produce intense neu-
tron emission. Campaign 1 is expected to reach up to 12 MW of fusion power, with
@ > 1. Campaign 2 will focus on DD plasmas, while Campaign 3 aims to reach
140 MW of fusion power (@ > 11) in DT plasmas. The experiment with the highest
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expected fusion power is referred to as the “primary reference discharge”, with a
neutron rate of 4.97-10' n/s. Over SPARC’s operational lifetime, the neutron rate
is expected to span over four orders of magnitude.

The neutron diagnostics in SPARC serve several key purposes. The NFM system
is designed to measure the total neutron rate and will include 15 detectors of dif-
ferent types, based on neutron absorption in B and fission chambers using 238U.
This configuration will allow accurate measurements over the full expected range of
neutron rates across all campaigns, with a time resolution of At < 10 ms. This is
essential both for determining fusion power and for ensuring machine safety.

To measure the neutron yield, the FOIL system will be used. It consists of two in-
dependent foil packs and provides pulse-by-pulse measurements. Its main function
is to benchmark the time-integrated neutron rate measurements from the NFMs for
each pulse, as well as to estimate the total fusion energy per pulse.

The NCAM will measure neutron emission with energy resolution and will include
at least 7 channels, each with a radial line of sight through the plasma. Tomographic
reconstructions, based on the magnetic equilibrium, will be used to derive spatial
profiles of the neutron emissivity from line-integrated measurements. Integration of
these profiles allows for independent estimation of the total neutron rate and fusion
power. Each channel will be equipped with spectrometers capable of measuring the
ion temperature profile (with an estimated uncertainty of ~ 25% and time resolution
At < 250 ms). Chemical vapor deposition (CVD) single-crystal diamond detectors
are foreseen, operating as intrinsic semiconductors and offering high energy resolu-
tion. Their low sensitivity makes them attractive for harsh environments like that
of SPARC.

The NSPC will be a Magnetic Proton Recoil (MPR) spectrometer. [55, 56] It uses
three electromagnets to bend the trajectories of recoil protons produced by neutron
scattering on a CH, foil. The system is collimated to observe the plasma core along
a horizontal line of sight. The energy-separated protons are then detected on an
array of proton detectors. The spectrometer is designed to achieve energy resolu-
tion better than 1% and time resolution < 250 ms. The NSPC will enable multiple
measurements, including core ion temperature and density, the core neutron spec-
trum, and the detection of suprathermal components (from ICRH heating, alpha
knock-on, and triton burn-up). The ratio of thermal to non-thermal neutrons can
be assessed, providing insights into fusion quality and fuel ion composition. An
independent estimate of the fusion power can also be obtained by combining NSPC
and NCAM data using appropriate calibration techniques.

As noted earlier, SPARC will rely on several neutron diagnostics to determine
the fusion power. The primary method will involve neutron flux monitors, as done
at JET, cross-calibrated with activation foils. In this thesis, the implementation
of a gamma-ray detector for fusion power measurements is proposed, based on the
experience gained at JET. The following sections present the first feasibility study
of such a detector for integration into the SPARC tokamak.
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Table 2.1: Summary of SPARC neutron diagnostics |54].

Diagnostic / Technology

Measured quantity

Resolution

Notes / Applications

NFM: 0B, 238U fission cham-
bers

Total neutron rate

Time: < 10 ms

15 detectors; real-time fu-
sion power and safety

FOIL: Activation foils + ~ Integrated neutron  Pulse-integrated = Benchmarks NFM; total
spectroscopy yield energy per pulse; cross-
calibration
NCAM: CVD diamond detec- Neutron emissivity for  Energy: 4%  Spatial profiles; low sensi-
tors; radial collimated lines; to-  each channel; ion tem- (DD) - 1.7%  tivity; independent fusion
mography perature profile (DT); Time: power estimate
< 250 ms
NSPC: MPR; CHj foil; proton  Core neutron spec- Energy: < 1%; Thermal vs non-thermal
array trum; ion temp.; Time: <250 ms neutrons; fusion power
density; suprathermal estimate combined with
neutrons NCAM
Combined: Cross-calibration  Fusion power System- Primary SPARC method;
(NFM+FOIL+NCAM-+NSPC) dependent inspired by JET

2.2.2 The gamma-ray detector

The proposed gamma ray detector is based on a LaBrs:Ce scintillator spectrometer,
able to observe the DT-gamma signal separated from the background. Some attrac-
tive features of this instrument are: its short decay time (30 ns) enabling gamma-ray
measurements at MHz counting rates [22, 57]; the high photon yield (61/keV) [23];
the energy resolution (3.8% at 662 keV) [20, 58|.
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Figure 2.3: A schematic of the SPARC neutron camera. A 2.4 m thick wall separates the
Diagnostic Hall from the Tokamak Hall. 19 lines of sight (labelled “LOS" in the figure and
numbered 1-19 from bottom to top) observe the plasma from a radial field of view. R and
Z are the radial and vertical cylindrical coordinates, respectively, with the origin at the
torus centre.

The idea is to place it in a dedicated room for nuclear diagnostics, called “Diag-
nostic Hall”, separated from the “Tokamak Hall” by a thick wall of 2.4 m [54]. In
this study, the NCAM design (see Figure 2.3) consists of 19 lines of sight observing
the plasma from the radial point of view, vertically scanning from outer part of the
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plasma to the core. The distance of the lines of sight from each other is roughly
7 ¢cm near the tokamak major radius.

Placing the detector along the horizontal channel of the NCAM has the advantage
of observing the centre of the SPARC plasma. Indeed, it is preferable to detect
the highest amount of DT-gamma signal. The main problem will be the neutron
spectrometer expected along this channel, so, the gamma detector will be probably
located behind the neutron spectrometer along the same line. Issues related to space
availability could force to shift the detector along a contiguous line of sight (e.g., the
9th). Moreover, the Horizontal channel is preferable for its larger collimator. 3 cm
of diameter will be used for the central one, while 1 cm for the others [54]. This fact
increases the signal rate of a factor ~ 9, considering only collimation effects, but even
greater if the detector is properly placed. The choice of selecting 3 cm to the central
channel has been made because it is desirable to receive the largest possible amount
of signal from the plasma, observing the centre, the most emitting part of it. In this
way, the neutron spectrometer, key for the tokamak diagnostics, will receive more
counts, which means a greater count statistics. Anyway, regarding gamma-rays,
selecting a larger collimator will also increase the background, and choosing the 9th
channel may represent a good compromise between signal and background levels.
The resulting line of sight can be considered “well collimated”; indeed, the diagnostic
hall is at a distance from the torus centre of R > 17 m, providing quasi-cylindrical line
of sight inside the plasma and reduced observed wall section, that is an important
source of background, as discussed later. Placing the diagnostics in the diagnostic
hall would protect them from stray magnetic field lines and reduce background from
scattered neutrons and gamma-rays.

2.2.3 Signal evaluation

To perform the feasibility study, the first step is to evaluate the total gamma-ray sig-
nal from Deuterium-Tritium reaction reaching the front face of the detector. To do
so, the Monte Carlo code GENESIS [59] is employed. It was specifically developed
to perform numerical calculations of nuclear radiation emission in tokamak plasmas.
The code can compute various types of spectra, including neutrons, gamma-rays,
Bremsstrahlung, and charged particles, and can simulate a wide range of reactions
involving different particle species. Beyond its spectra simulation capabilities, GEN-
ESIS can calculate reaction reactivity and total reaction rates. Another feature of
the code is the ability to simulate emissivity along a given “Line of Sight” (LoS),
corresponding to a file containing information on a discretised portion of the plasma.
To start a simulation, the reactant distribution functions must be specified. Some,
such as Maxwellian, are already implemented, while customised distributions can
also be imported to account for specific reactant populations calculated using exter-
nal codes.

The code can compute the slowing-down distribution for high-energy charged parti-
cles decelerating in the plasma and includes nuclear scattering (useful for evaluating
the neutron knock-on component) as well as Coulomb scattering interactions. It
also calculates emission spectra of charged reaction products, such as fusion-born
alpha particles. Finally, Bremsstrahlung emission, primarily implemented to simu-
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late hard X-ray emission from runaway electron discharges, can also be calculated.
This relies on a semi-analytical approach, cross-validated with MCNP simulations
[60].

To construct the LoS file to be used in GENESIS, the MonteCarlo code REVOLT
[61] is employed. This code has been specifically developed to build LoS files in toka-
mak environments. Its approach consists of calculating the region of plasma visible
to a detector and discretising it into smaller volumes, called “voxels”. For each voxel,
several parameters are computed, including its position in Cartesian and cylindrical
coordinates, the optical transport factor, the volume, and the vector connecting the
voxel to the centre of the detector’s front face.

First, the tokamak geometry is constructed: a meshgrid in terms of R, Z, and ¢ (the
cylindrical radius, the vertical axis and the toroidal angle, respectively) is generated
to define the voxel grid. Then, detector characteristics such as size, shape, position,
and observation angle are specified, along with the tokamak first wall geometry and
the inner cylinder representing the plasma boundary.

Next, objects defining and modelling the geometry of the LoS must be included.
These are represented either as collimator objects to be included in the calculation,
or as irregular polygons representing obstacles or other structures affecting the LoS.
Finally, the LoS is constructed, retaining only voxels with a non-zero optical trans-
port factor 1. The T parameter is calculated according to the following equation:

SN Ugs

T=" (2.5)

where S is the surface area of the detector’s front face, n - 4,5 is the dot product
between the unit vector normal to the surface and the unit vector along the LoS,
respectively, and d is the distance from the voxel to the detector front-face centre.
Therefore, T represents the solid angle fraction AQ/4r subtended by the detector
surface S on a sphere of radius d centred at the voxel position, multiplied by the
factor H. The latter is calculated using a MonteCarlo approach and represents the
fraction of the voxel volume that is actually visible to the detector.

An example of a reconstructed LoS is shown in Figure 2.4, corresponding to Chan-
nel #10 of the SPARC NCAM.

Coming back to the signal evaluation in SPARC, GENESIS needs the following
input parameters: the reaction type (and the selected output particle); the reactant
distributions (along with temperature and density profile if the Maxwellian distribu-
tion is selected); the magnetic equilibria (flux surfaces geometry); a REVOLT-like
LoS file. The reaction type used is the classical D(T,a)n reaction, and through
the evaluation of the DT gamma-per-neutron BR obtained in Ref. [29]|, the DT-
gamma yield can directly be obtained. The reactant distributions are considered
purely Maxwellian, and plasma profiles of temperature and density are taken from
the SPARC GitHub open repository in Ref. [62], calculated via the TRANSP code
(for more information about TRANSP, see Chapter 3). From the same repository,
magnetic equilibria are retrieved, calculated via the Freegs Grad-Shafranov solver.
[63] In Figure 2.5 the kinetic profile and magnetic equilibria used in these calcula-
tions are shown. For each channel of the expected NCAM in Figure 2.3, a LoS file
is produced via REVOLT.
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Figure 2.4: REVOLT reconstructed LoS of the Channel #10 of the SPARC NCAM,
observing the plasma at the core. The colormap is relative to the solid angle fraction of
each voxel of the LoS.

Plasma profiles and magnetic equilibria retrieved from the open repository are
calculated in a specific SPARC scenario, called Primary Reference Discharge (PRD),
in which the maximum fusion performances are expected, with 140 MW of fusion
power and Q>11. From now on, this scenario will be taken as default for performing
calculations. All plasma parameters corresponding to the PRD scenario are shown in
Table 2.2 [52, 64]. The results of the DT-gamma calculation is shown in Figure 2.6.

Parameter Value Units
Toroidal field B, 12.2 T
Plasma current I, 8.7 MA
Major radius R 1.85 m
Minor radius a 0.57 m
Elongation x 1.97 -
Triangularity o 0.54 -
Safety factor gos 3.05 -

6] 0.012 -

Greenwald fraction fg 0.37 -
External heating P;orp 11 MW

Fusion power Pp, 140 MW
Fusion gain @) 11 —

<T.> 7.3 keV
<Ne> 3-1020 m3

Table 2.2: Plasma parameters relative to the SPARC Primary Reference Discharge.

40



1e20

120.0 1.0
X
2.00 . 5
1.75 ’ 0.8%
' 115.05 ©
a 9 O
£ 150 1259 0.62
~ S . O
oy © o
©1.25 110.0 § -
o
s £ 0.4 @
S 1.00 K w
S s =
5.0
0.75 0.2 g
—n 2.5 ®)
0501 ___ 7, l - 0.0 =2
0.0 .
0.0 05 1.0 1.3 1.9 24
Normalised Poloidal Flux Coordinate p R (m)
(a) (b)

Figure 2.5: (a) Ion density (light blue) and ion temperature (red) simulated via TRANSP
at SPARC, during the Py, = 140 MW scenario, as a trend of the normalised poloidal flux
coordinate p. Deuterium and Tritium kinetic profiles are considered equal (Ty = Ty; ng
= ng = ne/2). (b) Magnetic Equilibrium calculated during the P, = 140 MW scenario
with the FreeGS code. The colorbar represents the normalised poloidal flux coordinate p,
for each point of the 2D map.
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Figure 2.6: DT-gamma emissivity matrix at SPARC, during the PRD scenario, numer-
ically calculated using GENESIS. The dashed grey line represent the observation line of
Channel #10, intersecting the plasma core.

42



To benchmark the MonteCarlo calculation, a parallel approach has been taken.
A semi-analytical code, Linalytic [65], was employed to obtain DT neutron and
gamma-ray rates at the front face of the detector, for each channel (see Figure 2.7).

*D = 3|cm ¥  Analytic
1010 i e MonteCarlo
e Ly
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Figure 2.7: MonteCarlo (GENESIS+REVOLT) and Analytic results (Lynalitic) of the
expected DT direct neutron rate for each NCAM detector. Notice that the highest rates
are observed along the central horizontal channel (Channel #10), which interesects the
plasma core and is equipped with a larger collimator: Channels from #1 to #19 have a
collimator diameter D = 1 cm, except for Channel #10 with D = 3 cm. The detector
diameter is set to 1”7, while the detector location is set at R = 17.2 m from the tokamak
centre.

Figure 2.7 shows results of the neutron rate at the front face of the detector (set
to 1”7 of diameter), positioned at R = 17.2 m from the tokamak centre, very close to
the collimator back-end. Every channel has a collimator diameter of 1 cm but 3 cm
for the horizontal one. As one can see in the figure, the central channel observes
higher rates and this is mainly due to the bigger collimator diameter. Indeed, the
collimator can dramatically change the particle yield at the detector, because a small
change of its diameter length can strongly vary the volume of the field of view inside
the plasma. To give an idea, one can consider the following relation (from Ref. [60]):

R = 6614 (dCLdD )2 f/\y(s) ds (2.6)

where R is the counting rate; y is the local emissivity inside the plasma [parti-
cles/(s m3)|; A is the linear LoS, considered narrow; dc and dp are the collimator
and detector diameter, respectively; L is the length of the collimator and ¢ is the
intrinsic efficiency. Therefore, pairing the diameter of the collimator with that of
the detector, the scaling depends with 4th power of the diameter.

The MonteCarlo and the semi-analytical methods agree within 5% for the most
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peripheral channels and better than 1% for the central channel, which provides
confidence on the validity of the signal calculations.

Table 2.3: DT neutrons and DT gamma-rays per second at the detector front surface
(17 diameter, positioned at R = 17.2 m) calculated via GENESIS for SPARC NCAM
Channel #9 (D = 1 cm) and #10 (D = 3 cm).

NCAM Channel | DT-Neutrons (Hz) | DT-Gammas (Hz)
Channel #9 4.2 108 1.0 10*
Channel #10 2.4 1010 5.8 105

Using the BR,,, we obtain the DT gamma-ray rate. In Table 2.3 results are
shown for Channels #9 and #10 (i.e. the first one before the horizontal and the
horizontal itself, respectively). In principle, the preferable option for detecting the
signal is the channel for which gamma rates are higher. Indeed, errors related to
counting measurements are governed by the Poisson statistics, where the error is
given by the standard deviation of the Poisson distribution with mean p = N, where
N is the counting measurement itself. So, if the standard deviation is o = /N, the
relative error U is given by

U=0c/u=VNIN=1/VN (2.7)

Therefore, the higher is IV, the better is the relative error associated to the measure-
ment. Generally speaking, we prefer conditions where the signal counting rate is as
high as possible, and for this reason, the horizontal channel is preferable. Neverthe-
less, as mentioned before, the background should be considered, and other channels
could still represent a good compromise.

Nominally, our target is to reach a measurement uncertainty U = 1 %, and at least
U = 10% is required. From Equation 2.7 and considering the count rate C = N/AT,
with AT the integration time of the measurement, it is possible to obtain the fol-

lowing relation:
U=1/VAT-C (2.8)

Fixing the time resolution AT = 1 s, if one desires a uncertainty of 1%, C=10 kHz
is needed, while for U = 10%, C = 100 Hz.

From Table 2.3 one can notice that both Channels #9 and #10 achieve the desired
conditions. Nevertheless, if sources of signal reduction (like attenuators, detector
efficiency, background sources, lower fusion power performances) arise, this achieve-
ment will be lowered, suggesting that Channel #10 is the preferable option to insert
the detector if no source of background are considered.

2.2.4 Neutron background

In DT plasmas expected in SPARC, the direct DT neutron emission will certainly
represent the main contribution to the background. As one can see in Figure 2.7,
during the 140 MW fusion power scenario, the neutron rate at the NCAM detectors
will range from 107 to 10'°. At JET, DT-gamma measurements with the LaBrs:Ce-
based detector were possible when the total counting rate did not overcome ~ 5-10°
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Hz, over which pile up effects become unmanageable and the detector saturates
[29]. LaBrs:Ce observes DT neutron emission with a substantial intrinsic efficiency
€ ~ 0.43 and ~ 0.76 for DT and DD neutron, respectively [28, 27]. Considering
the expected neutron rate to each NCAM channel, the detector will saturate and
DT-gamma measurements cannot be performed. One can establish that the intense
direct neutron component must be attenuated.

At JET, for the TGRS diagnostics, a Lithium-Hydride (LiH) neutron attenuator
was used. The effectiveness of the LiH has been benchmarked by tests on accelerators
and from the experience of JET [66, 51]. From MCNP numerical calculations (see
Ref. [60]), a cylindrical LiH sample matching the collimator diameter and 1.2 m in
length would attenuate DT neutrons by a factor of 106, and DT gamma rays by a
factor of 10 in the energy range relevant for fusion power measurements. Assuming
these values, Table 2.4 shows the DT gamma-ray and DT neutron yields obtained
when a 1.2 m LiH attenuator is applied, for Channels #9 and #10.

Table 2.4: Intensities at the detector front surface (17 diameter, positioned at R = 17.2 m)
for direct DT neutrons and DT gamma-rays with and without 1.2 m of LiH, calculated
along Channels #9 and #10, during the PRD scenario. In the “Comment" columns,
intensities are marked as “Not Acceptable" when in excess of 500 kHz; “Desired" when
they lead to a statistical uncertainty better than 1%; “Acceptable" when leading to an
uncertainty between 1% and 10%.

Particle and | Yield/s | Comment | Yield/s | Comment
Attenuator | at Ch#9 | (Ch#9) | at Ch#10 | (Ch#10)

DT Neutron s Not 10 Not
(no LiH) 4210 Acceptable 2410 Acceptable
DT Gamma 4 . 5 Not
(no LiH) 1.0 10 Desired 5.8 10 Acceptable
DT Neutron 9 4
Ll 4.2 10 Acceptable | 2.4 10 Acceptable
bT Ggmma 1.0 10 | Acceptable | 5.8 10* Desired
+ LiH

From Table 2.4 one can deduce that only Channel #10 still satisfy the condition
of U~ 1 % for DT-gamma measurements, while neutron rate is attenuated enough
to not saturate the detector.

Finally, scattered neutrons could also affect the measurements, posing a risk of
saturation. This background source originates from directions different from the
dedicated LoS and is related to the interaction of fusion-born neutrons with facility
structures. Similarly, gamma rays can impinge on the detector from directions
outside the dedicated field of view. Nevertheless, based on the JET experience, a
well-collimated line of sight should ensure a reduced scattered contribution at the
detector. In the case of SPARC, the detector will be installed at R > 17 m in a
dedicated hall for nuclear diagnostics. When required, a shielding will be applied
to the detector to mitigate the scattered component, the shielding can be made
by tungsten (W) for gamma ray attenuation and boron carbide (B4C) for neutron
attenuation. The only drawback associated with the shielding may concern spatial
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or weight constraints, and an accurate evaluation should be carried out.

2.2.5 Neutron-induced gamma-ray background

Once the direct and scattered neutron backgrounds are controlled, another impor-
tant source of background must be evaluated. Indeed, the LoS of the gamma di-
agnostic will intercept the tokamak inner wall at the end of the footprint. The
tokamak wall, during operations, is constantly irradiated by neutrons coming from
the burning plasma and these will interact with the vessel nuclei via inelastic scat-
tering or neutron absorption. The result is the emission of a large amount of prompt
gamma-rays that is intercepted by the detector (see Figure 2.8). This phenomenon
has been observed at the JET tokamak, and MCNP (see Ref. [67]) simulations at
JET have been conducted to study it. [49, 68] To properly know the measurement
conditions of the detector, this neutron-induced gamma ray component must be
taken in account and evaluated for the SPARC case.

Inner Wall

LaBr;:Ce

Observed Collimator

Wall
Section

Light and Penumbra
Region

Figure 2.8: Schematic of the generation and observation process of the neutron-induced
gamma-ray background. Proportions are exaggerated for graphic reasons.

For the SPARC tokamak, MCNP simulations of this component are not yet

available, and measurements can be performed only after the start of operations.
An empirical method to estimate it is largely described in Ref. [65], valid for all
tokamaks and based on the JET data.
Suppose to know the neutron flux entering the first wall £ at the specific location,
obtained from numerical calculations. The desired quantity to be evaluated is Fo*,
the neutron induced gamma flux exiting from the wall. These two quantities are
connected via the probability of gamma-ray emission P

P = Fout[Fin (2.9)
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Reasonably, it is assumed that P is dependent only from the tokamak vessel com-
ponents and materials, without dependence from the neutron source intensity.
Therefore, after calculating F* in the precise first wall location, during a selected
experimental scenario, one can obtain F2* by knowing the value of P. P can be
estimated from JET experimental data where DT campaigns have already been
conducted. For the SPARC case, JET-like materials and wall composition will be
assumed.

At JET, from the analysis of 96 discharges from the DTE2 campaign the value of
P has been extracted, resulting in P = 4.7 %. [65] This study has been performed
exploiting the TGRS diagnostic. (25, 69|

In particular, the typical spectrum observed with TGRS is a background structure
ranging from 1 up to 10 MeV (see Figure 2.9). The primary source is due to the
gamma emission from wall, and a few percent of counts are due to nuclear reaction
into the plasma core. Counting the total gamma emission, and calculating the spe-
cific neutron flux entering the observed wall, it was possible to estimate the value

of P.

5 x10°
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Figure 2.9: Spectrum obtained integrating data from 96 DTE2 discharges at JET, using
the TGRS diagnostic.

2.2.6 The spectrometer operational range

Finally, the evaluation of the gamma-ray background in the case of SPARC, based
on the experience from JET can be performed.

First, the actual section of the SPARC wall seen by the proposed detector (both
for Channel #9 and #10) is calculated via REVOLT, in order to obtain the size and
the transport factor of the observed 2D wall portion.

First, consider Channel #10. To obtain the LoS file, the position of the detector
is shifted at R = 18.5 m and, similarly at the TGRS at JET, a detector diameter
of 3" is considered. The effective detector diameter is set to 3 cm (for instance, by
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the using of a 3 cm diameter plug). This is done to take in account the neutron
spectrometer placed along the same LoS. It was found that, even if the detector were
farther from the source, this change would not affect largely the signal reaching the
detector due to the larger effective detector area. At the same time, the first wall
area observed by the diagnostic is diminished, as well as the gamma background,
due to the improved collimation.

In Figure 2.10 one can notice the inner wall section observed by the proposed di-
agnostic. The brightness corresponds to the optical transport factor of each pixel
calculated via REVOLT.
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Figure 2.10: Contour plot of the SPARC inner wall section observed frontally by the
detector along the Channel #10 horizontal LoS (R = 18.5 m, effective diameter of 3 cm)
The brightness corresponds to the transport factor of each pixel.

Subsequently, the neutron flux entering the observed wall area is calculated via
a MonteCarlo approach. This takes in consideration the thermal emissivity profile
during the PRD discharge at Q>11, and the geometry of the SPARC tokamak.
Results show that there is an anisotropic absorption of neutrons by the wall in
terms of different poloidal angle 6 of the SPARC poloidal section.
Finally, the gamma flux exiting the wall can be calculated with Relation 2.9, and
using the wall portion 2D LoS of Figure 2.10, the total count to the detector of the
gamma-ray background can be obtained.

Moreover, the signal and background yields are rescaled linearly down for fusion
power less than 140 MW. In this way, we can obtain the operational range of the
detector. The limits are determined by:

e Upper limit: The maximum sustainable total-counts/s to the front face of the
detector, posed equal to 500 kHz.

48



e Lower limit: the minimum signal measurement requirements so that the un-
certainty U<10%.
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Figure 2.11: Expected count rate at the LaBrs:Ce detector (with a 1.2 m LiH attenuator)
when placed along Channel #10 of the SPARC-NCAM at R =18.5 m. The horizontal lines
indicate the requirements for performing acceptable measurements, namely that the signal
counting rate is at least 100 Hz and the overall counting rate does not exceed 500 kHz. The
operational range for fusion power measurements is indicated by the green shaded area.

Figure 2.11 shows the resulting operational range of the proposed detector, con-
sidering attenuation effects and detection efficiency. It ranges from 0.2 to 13.2 MW
of fusion power scenarios where measurements are possible. One can establish that
measurements during high performance experiments are not possible. A tentative
strategy to enable operation at higher fusion powers is to apply a gamma-ray at-
tenuator. Tungsten (W) is relatively cheap, and it is a high-Z material, providing
major effectiveness to attenuate gamma-ray fluxes. Based on the Lambert-Beer law,
the gamma-ray intensity is attenuated according to

I(z) = Iy exp(-px) (2.10)

where I(z) is the intensity attenuated after the gamma beam travelled a distance
x inside the material, Iy is the initial intensity, p is the attenuation coefficient
depending on the material and the gamma-ray energy itself.

Figure 2.12 shows the u coefficient as a trend of the photon energy taken from
the NIST database (see Ref. [70]). One can notice that at the typical energies of
the signal (E > 10 MeV), the values of the coefficient are slightly higher than those
of the background energy region (E < 10 MeV). Therefore, photons from the signal
region will be attenuated more than those of the background. This effect will reduce
the width of the operational range.
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Figure 2.12: Mass attenuation coefficient and mass energy-absorption coefficient of Tung-
sten as a trend of the photon energy, reported as p/p, where p is the W density.
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Figure 2.13: Expected count rate at the LaBrs:Ce detector (with a 1.2 m LiH neutron
attenuator and a 3.0 cm tungsten attenuator) when placed along Channel #10 of the
SPARC-NCAM at R =18.5 m. The horizontal lines indicate the requirements for accept-
able measurements, namely that the signal counting rate is at least 100 Hz and the overall
counting rate does not exceed 500 kHz. The operational range for fusion power measure-
ments is indicated by the green shaded area.
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In Figure 2.13 the previous operational range but with a tungsten attenuator
added is shown, ranging from ~ 5 up to 140 MW. The attenuator diameter pairs
that of the effective detector area, while the selected length is [ = 3.0 cm. This choice
is made using the data retrieved from the NIST database, in such a way that, during
the PRD, measurements are possible, with the least possible length of the attenu-
ator. The resulting signal counting rate is ~ 3 kHz at 140 MW, corresponding of a
statistical uncertainty of ~ 1.8 %. Moreover, selecting different attenuator lengths
between 0 < [ < 3 cm, it is possible to shift the measurement range to the fusion
power interval of interest. By chosing a W attenuator with a suitable length in the
range 0 to 3 cm, the overall operational range spans from 0.2 to 140 MW, covering
three orders of magnitude in terms of fusion power.

Now, consider Channel #9, where a 3’-diameter LaBrs:Ce detector is placed at
R = 17.2 m. The corresponding operational range is shown in Figure 2.14, where
only the 1.2 m LiH attenuator is used.
The resulting operational range lies well above the maximum fusion power expected
at 140 MW. At the same time, it is not null, and fusion power measurements can
still be performed in high-performance scenarios, such as those foreseen for SPARC
Campaign 3, where experiments with fusion powers up to 140 MW are planned.
The difference with Channel #10 is due not only to the reduced amount of signal
reaching the detector, but also to the reduced gamma-ray background, which enables
measurements in high-performance scenarios, from Q ~ 1 up to Q > 11. This
configuration could represent an alternative solution if it is not possible to install the
proposed detector along Channel #10. Moreover, without the need for a tungsten
attenuator, the statistical uncertainty at 140 MW is of 2.6 %.

2.2.7 Discussions and outlooks

The results shown in this chapter suggest that there is scope for the investigation
of a gamma ray diagnostic to perform fusion power measurement at SPARC. The
result are based on the JET experience, including the LaBrs:Ce scintillator already
used for the first gamma-ray fusion power measurement in a tokamak. Anyway, be-
fore the actual implementation, some additional design aspects should be addressed.
The primary assumption made is related to the gamma background. In this study, a
JET-like background has been considered, but SPARC may be particularly different
in terms of materials and structure. This fact might affect the resulting operational
range. For this reason, comprehensive MCNP simulations related to the neutron
interaction with materials in SPARC are required (benchmarked with existing ex-
periments, like JET) in order to investigate the background into the signal region
and the overall associated counting rate.

Another important factor is the choice of the neutron attenuator. LiH, despite being
effective at mitigating the neutron background, presents some safety concerns in a
facility. LiH is a hazardous material which undergoes violent exothermic reactions
with water, even in the form of moist air. Additionally, even if properly sealed,
it can release hydrogen at high temperature, leading to detonation. For this rea-
son, alternatives are under investigation, providing similar performance in neutron

51



=
o
oo

Operational Range

|
= Total Counts |140
Signal Counts :MW
10° {LaBr;: Ce Maximum Limit 1

=
o
N

Detector Count Rate (Hz)
=
o
e

I
19,7 1314.7
MW MW
1016 167 10% 10 162 107
Total Neutron Rate (Hz)

Figure 2.14: Expected count rate at the LaBrs:Ce detector (with a 1.2 m LiH neutron
attenuator) when placed along Channel #9 of the SPARC-NCAM at R =17.2 m. The
horizontal lines indicate the requirements for acceptable measurements, namely that the
signal counting rate is at least 100 Hz and the overall counting rate does not exceed
500 kHz. The operational range for fusion power measurements is indicated by the green
shaded area.

52



reduction.

Regarding the gamma-ray attenuator, W is cheap and does not require large

amount of space. It is effective at reducing the gamma ray flux to the detector, but
the preferable option is an attenuator capable of mitigating better gamma rays with
energy EE < 10 MeV compared to those of the signal region E > 10 MeV. Indeed,
in Figure 2.13 one can notice a reduction of the width of the operational range of a
factor 2.5 with respect to that in Figure 2.13.
Finally, design factors, like the presence of ports and collimators or, more in general,
constraints related to allocation of the detector and location of objects obstructing
the LoS could affect the operational range, and a detailed design is needed in order
to perform a precise scoping study.

2.2.8 Alpha-Boron studies

With the same detector as the one previously described, other kinds of studies can
be performed [71]. At JET, investigation of alpha particle, thanks to the LaBrs:Ce
scintillator, have been performed [22, 72|, as well as runaway electrons study [57, 73].
In particular, experiments involving the observation of gamma-ray emission from the
9Be(a,nvy)12C reaction have been conducted, allowing the study of the alpha particle
distribution. In SPARC, ?Be impurities are not expected due to the composition of
the first wall, that will be made primarily by Tungsten |74, 53|, differently from JET.
At the same time, the process of “boronization” will be likely, where the first wall of
the machine is conditioned with Boron, exploited to control the Tungsten impurities
inside the tokamak |75, 76]. Boron can interact with alphas via the YB(a, py)!3C
reaction, producing gamma rays at energies 3.09, 3.68 and 3.85 MeV. This might
represent an alternative way for investigating the alpha particle distribution using
the gamma ray spectroscopy in SPARC. At ITER, the use of the RGRS gamma-ray
diagnostic is foreseen |77] to study this emission for alpha-particle investigations. In
principle, this technique could also be applied to different tokamaks and mixtures,
such as JT-60SA operating in D-2He plasmas, where alpha particles in the MeV
energy range are produced |[78|.

The aim is to determine if there is scope to investigate alpha particles using the

same detector for the fusion power measurement in SPARC. First, we expect the
signal spectrum to lie in the spectral region between 2 and 4 MeV, the same of the
background. This means that the primary concern will be the signal to background
ratio.
Another fact to be taken in account is the resulting spectral shape of the three peaks.
Detailed cross section value of the °B(a, py)'3C reaction for each emission channel
must be well known, as well other parameters like the boron impurity concentration
in the plasma.

To obtain the shape and intensity of the °B(a, py)!3C emission, GENESIS has
been used, where the three different channels were implemented. Cross sections of
each channel where available in Ref. [79] (see Figure 2.15). Boron was assumed to be
Maxwellian, with the same temperature and density profiles as the other ion species.
This assumption is supported by the fact that light-impurity transport is dominated
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Figure 2.15: Cross section of the three emission channel of the °B(a, py)?C reaction.

by turbulence [80]. A nominal constant Boron concentration of 1% with respect to
the electron density was assumed, chosen as a representative value (i.e., the typical
concentration of ?Be impurity measured at JET). Of this, 1B represents about
20%. Alpha particles were modeled as it follows: the typical energy distribution
of DT-born alpha particle (a thermal distribution around 3.5 MeV) is generated
and then “slowed-down” using an analytical method from the Fokker—Planck theory,
implemented in GENESIS. The result is a broader distribution centred at lower
energies (see an example in Figure 2.16).

Using the same line of sight of the proposed detector, considering the application
of neutron and gamma attenuators and convoluting with the LaBrs:Ce response
function, the signal shape can be finally obtained along with the intensity expected
during the maximum performance scenario (see Figure 2.17).

Moreover, assuming a JET-like background, it is possible to calculate the ex-
pected signal-to-background ratio (StB), resulting in StB =2-1073. It means that,
to detect alpha particle features in the spectrum during the DT 140 MW scenario
in SPARC, at least 6 minutes of integration time are required and longer integra-
tion times will be needed for lower performance scenarios. This result suggests that
it may be difficult to perform alpha distribution studies in DT fusion plasmas at
high performances at SPARC based on the 19B(a, py)'3C reaction. To reach a time
resolution of a few seconds, the Boron concentration would need to be increased by
a factor of 30 compared to the previously considered value, but this is incompati-
ble with plasma operation. Nevertheless, in scenarios characterised by reduced or
absent neutron emission, the signal-to-background ratio should be higher, and thus
there is a chance to observe the signal structure over the background. In SPARC, if
a D—3He plasma scenario featuring a strong alpha-particle source were to be consid-
ered, a scoping study of alpha-particle measurements via gamma-ray emission from
the "B(a, py)!3C reaction could be performed.
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Chapter 3

Alpha Birth Profile Reconstruction:
Validation of TRANSP simulations in D—2He
plasmas from Three—Ion Scheme experiments at

JET

As mentioned in the previous chapter, gamma-ray spectroscopy can be used in toka-
mak for diagnostics of different particle populations. Previously, the novel technique
related to fusion power measurements was discussed in the case of SPARC, along
with the opportunity to investigate alpha particle distribution observing the gamma
ray emission from the Alpha-Boron reaction.

In this chapter, the focus will be oriented to the study of the spatial emissivity
profile of alpha particles in dedicated JET experiments. The Gamma Camera Up-
grade (GCU) is a gamma diagnostic system observing a poloidal profile of the JET
plasma and, after collecting experimental data, through a tomographic reconstruc-
tion, a 2D gamma-ray emissivity map can be obtained.

The following chapter describes the validation of simulations performed with the
TRANSP code, used to simulate particle and energy transport in tokamak plasmas.
This work investigates experiments conducted in Deuterium-Helium-3 (D—2He) plas-
mas at JET, using the “Three-Ion Scheme”, where three ion species are present:
thermal deuterium; thermal Helium-3 and a fast Deuterium population.

The aim is to understand if TRANSP simulations can effectively predict the fast
deuterium distribution in this kind of plasmas and the profile of the corresponding
alpha particle generation by the D-3He fusion reaction. The task is performed lever-
aging on TOFOR, a neutron spectrometer installed at JET and primarily sensitive
to 2.5 MeV neutrons from DD fusion reactions, and GCU data analysis and using
tomographic reconstructions of the Alpha Birth Profile.
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3.1 Three-Ion Scheme experiments and diagnostics
at JET

3.1.1 Three-Ion Scheme discharges

Studying alpha particles is one of the most demanding tasks in tokamak diagnostics
[81]. Among the various fusion reactions, the Deuterium-Tritium (DT) reaction is
considered the most promising for energy generation, as it produces not only a neu-
tron but also an alpha particle, which plays a key role in sustaining plasma heating.
Because alpha particles have a positive charge, they are primarily confined within the
plasma by strong magnetic fields, making their detection and analysis particularly
difficult. Moreover, in DT plasmas, alpha diagnostics are further complicated by
the intense neutron background and by the limited availability of facilities currently
operating with tritium. These limitations highlight the need to explore alternative
sources for investigating alpha particles.

A significant source of alphas has been generated at JET using D—3He plasmas

during experiments called “Three-Ion Scheme” (TIS) [82, 83, 72, 84]. In this kind
of discharges, the plasma is made of thermal Deuterium (D) and Helium-3 (*He),
while a fast Deuterium (fast-D) population is introduced through Neutral Beam In-
jection (NBI) which absorbs the power injected by Ion Cyclotron Resonance Heating
(ICRH), when the wave frequency resonates with the Doppler-shifted ion cyclotron
frequency of the deuterium beam ions in the plasma core [83, 85].
Under these conditions, a strong emission of both alpha particles and neutrons is
observed, produced by the reactions *He(D, p)ar and D(D,n)*He respectively, with
neutron production rates in the range of ~ 1-10'6 n/s. This emission is expected to
be concentrated in the core of the plasma, with little to no emission in the peripheral
regions [86]. The presence of this localised and intense alpha particle source offers a
valuable opportunity for testing alpha diagnostic techniques and validating fast ion
simulations.

Table 3.1: Main plasma parameters of the JET discharges in D-*He mixtures in Three Ion
Scheme experiments analysed in this work. Helium-3 concentration data are taken from
Real-Time Experiment Central Control (RT'CC) system [87].

Parameter Value
Plasma current 2.5 MA
Magnetic field (plasma core) -3.7T
Electron density (plasma core) ~1x102°m=3

Helium-3 concentration 18-28% of the total ion density
Electron temperature 1-10 keV

NBI power 3.1-18.6 MW

ICRH power 2.1-6.1 MW

NBI-to-ICRH power ratio 2-3 (except discharges 95673 and 95684)
Total neutron rate O(10%) up to ~1-10' n/s

In this work, seven discharges at JET were analysed: 95671, 95672, 95673, 95679,
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Figure 3.1: Schematic of the heating process in a typical TIS discharge.

95680, 95683, 95684. The operations were performed in the experimental conditions
summarised in Table 3.1. A schematic overview of the TIS experiments is shown in
Figure 3.1. The fast Deuterium is injected starting at 46 s. In this phase, only a
reduced neutron emission from (D,n)3He reaction is observed, along with a gamma
ray emission detected by the GCU, primarily due to the prompt gamma rays emitted
by the first wall nuclei, intercepting the GCU detectors. This represents a source of
background, not indicating the trigger of the 3He(D,p)a reaction. At 7.5 s the ICRH
heating is turned on, heating the NBI-deuterons up to 1-2 MeV and resulting in an
alpha emission from 3He(D,p)« reactions. In Figure 3.2 one can see an example of
the actual time traces of plasma parameters for Discharge #95671.

3.1.2 The TOFOR neutron spectrometer at JET

Data from two diagnostics installed at JET have been leveraged to carry out the
TRANSP validation. These are the TOFOR neutron diagnostic and the Gamma
Camera Upgrade, installed at JET in proximity of the 8th and 1st octants, respec-
tively.

The TOFOR diagnostic is a neutron spectrometer based on the Time-of-Flight

(ToF) technique, which is fundamental to investigate fast deuterium distribution
features. In this technique, the time taken by a neutron to cross a known distance
inside the instrument is measured, allowing the neutron energy to be inferred [88,
89, 90, 91].
The neutron is intercepted by two different detectors (called S1 and S2), providing
the start and stop timestamps of the flight path. In S1, a neutron can undergo
elastic scattering with a proton inside the scintillator material. The recoiling proton
can be detected by S1 itself, providing the start timestamp. The scattered neutron
is then detected by S2, which provides the stop timestamp.

S2 is positioned at a known distance L ~ 1221 mm from S1, on the sphere of
constant ToF with radius R ~ 705 mm, and at an angle o of about 30° with respect
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to the incident beam direction. This configuration avoids the detection of neutrons
that have not undergone elastic scattering in S1, while limiting excessive energy
loss of the scattered neutron. In fact, for elastic scattering of a neutron (n) with a
proton, the energy of the scattered neutron (n’) is given by:

E, = E, cos*(a), (3.1)

where F,, and E, are the energies of n and n’, respectively.
Considering the geometry of the system (see Figure 3.3), it is possible to derive
a relation between L and R:

L* =2R?*[1 - cos(m - 2a)] = 4R? cos? (), (3.2)

leading to the following expression for the scattered neutron energy:

1 1 L \?
E.==mv? = = n( ) 3.3
g MnUn = 5\ | (3.3)

where v,, = L/ToF. Combining equations 3.2 and 3.3, a relationship between the
energy of the incident neutron and the measured ToF is obtained:

£ - 2m,, R?

i i 3.4
ToF? (3:4)

which provides a useful approximation for estimating the neutron energy. For in-
stance, a 2.5 MeV neutron corresponds to a ToF of approximately 65 ns. Longer
ToF values correspond to lower neutron energies, and vice versa. In practice, the
TOFOR response function is more complex [92].

S1 and S2 are plastic scintillators. S1 is placed in front of the collimated neutron
beam and consists of five layers of circular detectors (40 mm diameter and 5 mm
thickness per layer). The neutron flux is guided to S1 through a 1.90 m-long colli-
mator with a diameter of 40.7 mm.

S2 covers an angular range from « —6.98° to a + 7.87°, leading to an energy spread
between 1.53 and 2.08 MeV for 2.5 MeV neutrons. The scintillator is rotated by a
small tilt angle € = 5° to compensate for differences in light propagation time within
the scintillator material. In total, 32 S2 detectors are arranged along the constant
ToF sphere at a = 30°.

S1 and S2 provide the start and stop timestamps ¢; and ¢;. For each stop signal,
start signals are searched within a predefined time window. This procedure yields
both real and random coincidence pairs. Negative ToF values, where no physical
signal is expected, allow an accurate estimation of the background due to random
coincidences, which is subsequently subtracted from the spectrum [90].

The installation and first operations of TOFOR at the JET tokamak began in
2005. The diagnostic was developed and optimized to operate primarily in deu-
terium plasmas and to study the 2.5 MeV neutron component originating from the
D(D,n)3He fusion reaction, typically over an energy range between 1 and 5 MeV.
TOFOR is positioned above the machine and observes the plasma along a vertical
line of sight.
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Figure 3.3: Schematic of the TOFOR diagnostic. The incident neutron beam is collimated
toward S1. The scattered neutrons are detected on S2, positioned at an angle o with respect
to the incident beam direction.

The diagnostic is primarily designed to operate in deuterium plasmas with total
neutron rates ranging from 10'2 to 1017 n/s. It was designed to achieve an optimal
compromise among key performance parameters for DD neutron measurements, in-
cluding an energy resolution of AFE, /E, = 5.8%, a geometrical efficiency € ~ 0.12 cm?,
and a maximum count rate of about 300 kHz.

The TOFOR diagnostic is particularly relevant for the analysis of Three-Ion
Scheme (TIS) plasmas. In these scenarios, a significant amount of deuterium is
present, leading to intense neutron emission dominated by the D(D,n)3He reaction.
The resulting neutron spectrum around 2.5 MeV exhibits a broad and non-trivial
shape, strongly influenced by the presence of fast deuterium components. Due to
their higher energies, fast deuterons increase the fusion cross section and, conse-
quently, the neutron production rate.

During the studied TIS discharges, TOFOR operated within its optimal neutron
rate range, with neutron yields not exceeding 10'6 n/s. For good statistical accuracy,
neutron yields above 10! n/s are preferred.

Figure 3.4 shows representative TOFOR spectra. When neutron emission is dom-
inated by NBI-heated deuterium reactants with energies of approximately 100 keV
(as is the case for most JET discharges) the spectrum exhibits a broad peak around
65 ns. The presence of faster reactant components, for instance induced by ICRH,
instead results in a significantly broader spectral structure, reflecting the underlying
fast-deuterium distribution.
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Figure 3.4: Normalised experimental spectra obtained with the TOFOR diagnostic from
Three-Ion Scheme experiments. The orange curve corresponds to a discharge phase with
only NBI heating applied at E' ~ 100 keV. The blue curve corresponds to a phase where
NBI deuterium is further heated by ICRH, reaching energies up to 1-2 MeV.

3.1.3 Gamma Camera Upgrade at JET

The Gamma Camera Upgrade (GCU) is a diagnostic system consisting in 19 chan-
nels, observing a poloidal section of the tokamak JET, in proximity of the 1st octant
(see Figure 3.5). Its channels, 10 horizontal and 9 vertical, are divided so that they
can intersect each others in the 2D section. For each channel, a 1”7 x 2/3” LaBrj;:Ce-
based detector |25, 20, 22| is mounted, providing spectroscopic capabilities of gamma
rays (93, 21, 71, 86, 24, 58, 94].

Silicon Photomultipliers, with dimension 12 x 12 mm, are mounted for each detec-
tor. These are chosen primarily for their very compact size and insensitivity to the
magnetic field.

In 2017, the Gamma Camera has been upgraded, where the LaBrs:Ce scintilla-
tor has substituted the previous Csl. Csl had limited spectroscopic capabilities, and
it was characterised by a slow decay time (0.5 — 4 us). The upgrade was made in
preparation to the higher performance discharges predicted at JET for Deuterium
and Deuterium-Tritium campaigns, where high neutron yields were expected, up to
5-10'" n/s. Energy resolution and counting rate capabilities has improved signifi-
cantly with the upgrade, reaching values better than 5% at 1.1 MeV and exceeding
1 MCounts/s, respectively. Major values for counting rate can be achieved, but pile
up effects start to become too harsh to be handled.

The Upgrade allows studying fast ions and runaway electrons inside the JET
plasma. Indeed, these kinds of populations can react with impurities (like '2C and
9Be) or fusion reactants, respectively, producing gamma-rays. One of the most stud-
ied gamma-ray emissions at JET comes from the 9Be(a,nvy)!2C reaction, emitting
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Figure 3.5: Schematic of the Gamma Camera Upgrade at JET.
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at 4.44 MeV [22].

The GCU combines spectroscopic and tomographic capabilities. By analysing the
spectra measured by the individual GCU channels, specific energy ranges can be
selected and integrated to obtain a count profile consisting of 19 entries.

Another important factor is the intrinsic radioactivity of the LaBrs:Ce scintillator.
This doesn’t interfere with measurements due to the very low emissivity, but it
provides at the same time a way to calibrate the detectors, or for monitoring the
stability of the detector between different discharges [17].

The GCU can be used to observe the gamma ray emission from the 3He(d,v)5Li

reaction, characterised by a broad energy spectrum at ~ 16.4 MeV [95]. This is a
rarer branch of the more common 3He(D,p)*He reaction, with a relative branching
ratio in the order of ~ 107 v/« [46]. The two reaction channels have the same
reactants, and this means that observing the D—2He gamma ray emission would
allow to infer the D—3He fusion-born alpha particle 2D profile.
In Figure 3.6 a count-profile obtained using the GCU is shown. For each channel,
a gamma count value is associated. This example refers to a GCU profile obtained
during a TIS experiment at JET, where gamma rays from the gamma-branch of the
D-3He reaction were observed.

GCU 16.4 MeV-Gamma Profile

5001 Shot #95671
{- Full Discharge Integration I
I
400 - n
[ I, I\
c I I\
© 300 - I 1
< \
Y ro LY
n I
€ 200+ I \‘ :l{ \
-
[} |
S I “ I ];‘
100 1
A ] \}..
/
01 ¢ :‘\—o--o--o--o-j‘: s o
1 3 5 7 9 11 13 15 17 19

Channel #

Figure 3.6: An example of Gamma Camera profile obtained at JET, during a Three-Ion
Scheme experiment, observing the gamma emission from the gamma-branch of the D-2He
reaction, integrated over the full discharge period.

3.1.4 Tomographic reconstruction at JET

The Gamma Camera Upgrade (GCU) is capable of obtaining line-integrated data
of gamma counts in a 2D poloidal profile of JET plasmas. GCU data, however,
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does not represent a spatial emission profile and, more in general, doesn’t provide a
physical quantity easy to visualise or intuitively understand. Therefore, a software
able to elaborate GCU data is needed, in order to obtain a 2D map of the emissive
plasma, based on experimental data.

TREVISO [96, 86] is a python-based code developed to perform tomographic re-
construction of spatial emission profiles (mainly used to study fast ions and runaway
electrons) in the JET tokamak poloidal section, starting from GCU experimental
data. The code divides the plasma poloidal 2D region of JET in many smaller pixels
where, for each of them, its emissivity value is determined during the reconstruction.
Each pixel is a 9 x 9 mm square arranged in a 40 x 70 image (2800 pixels in total).

Consider the measured quantity y, and S(y) its probability density function
(pdf), both expressed as a continuous function. Consider F'(z) the pdf of the quan-
tity « that needs to be reconstructed. W (y,x) is defined as conditional probabilty,
here introduced as a continuous function. The equation connecting S with F is given

by
Sw) = [ W(ya)F (@) do (3.5)

In the case of discretised quantity, Equation 3.5 becomes
S=W.F (3.6)

where S is ‘a 19 entries vector, representing the total counts obtained from each GCU
channel. F' consists in a vector with 2800 entries, that represent the emissivity

of each pixel of the 2D image. W is a 19x2800 matrix, called transfer matrix,
that connects the GCU count profile to the emissivity profile. The transfer matrix
elements are calculated considering the combination between the overlap of the lines
of sight area with the pixel area, and the solid angle subtended by the detector as seen
from the pixel centre. Each element represents the probability that the radiation
emitted in the j-th pixel will be detected by the i-th channel of the camera.

It W is known, a possibility to solve the problem is to find the best estimation of
F that gives the best match between the measured S and the one from Equation 3.6.
Anyway, this method may need long computational time, with lower efficiency. Al-

ternatively, inverting W, it’s possible to obtain F by a measure of S. The inversion
of experimental data S can be performed routinely, and this process is called tomog-
raphy. Tomographic techniques based on the inversion of line-integrated measure-
ments are widely used in fusion plasma diagnostics to reconstruct local emissivity
profiles, for instance in soft X-ray, bolometric and neutron diagnostics [97]. Similar
approaches are also commonly applied to fast-ion diagnostics, where tomography
plays a key role in inferring two-dimensional spatial or velocity-space distributions
from limited experimental views [98, 84].

The iterative method used in this code is called Maximum Likelihood using Expec-
tation Maximization (MLEM). This iterative algorithm, derived by the Bayesian
statistic, is currently used to perform PET [99, 100|. The aforementioned method
has been chosen for use in TREVISO due to its superior performance, as demon-
strated in comparison with other methods such as Singular Value Decomposition,
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Poisson regularisation, and Tikhonov regularisation [96]. The idea of the MLEM is

to use a first estimate of F to compute W717 and then use W1 to recompute F, to
iteratively update the estimate of F' (see Ref. [96] for more information). Several
initial guesses for F were tested (for example, F? =1 for all i), but no significant
differences in the final reconstruction were observed. Finally, the method can be
described by a single formula:

n+1 F;Zn & Sj
= i — 2\ Wiswy— (3.7)
Y Wi 5 X (WieFy)

where N, is the number of pixels (2800) and N, is the number of channels (19). ¢
indicates the pixel index, while j the channel index. n represents the iteration index.
The method converges if
Sj
S

1 (3.8)

In practice, to decide the maximum number of iterations, a subset of the measured
data with lower statistics is used to evaluate the goodness of the reconstruction
via the Pearson y? statistic. The iterative algorithm is stopped when x2? on this
independent subset stops decreasing or begins to increase, indicating that further
iterations would not improve the reconstruction and could lead to overfitting.

After a custom number of iterations, a smoothing operation is performed. In-
deed, noise can affect the measurements, and this factor should be considered into
the reconstruction. The noise sources have zero-mean, suggesting that their effects
can be reduced at the final reconstruction by means of a smoothing operator, imple-
mented in the code. This operator “smooths” the values of nearest-neighbour pixels
located on the same flux surface. Therefore, TREVISO also requires the magnetic
equilibrium data as input (which can be taken directly from the TRANSP output)
to perform the smoothing along flux surfaces.

An example of application of the code to data of Discharge #95671 is shown in
Figure 3.7 and 3.8.

3.2 Validation of TRANSP simulations

3.2.1 The TRANSP code

TRANSP [101, 102, 103, 104] is an interpretative transport code, developed at
Princeton Plasma Physics Laboratory. It is used to simulate the evolution of par-
ticle and energy transport in tokamak plasmas. It resolves the particle and energy
balance equations, using experimental data as constraints. It determines the trans-
port coefficients (thermal conductivity, diffusivity, etc.) and provides many diag-
nostic and modelling physics quantities, helpful for the interpretation of tokamak
experiments.

The code is defined as “1.5D” dimensional, because, albeit the magnetic equilib-
rium is considered 2D (calculated in the poloidal section), every physics quantities
are considered constant along the toroidal flux surfaces. It takes as input some
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physical quantity from diagnostics, like: electron temperature and density, for ex-
ample from the High Resolution Thomson Scattering (HRTS); ion temperature from
Charge Exchange Recombination Spectroscopy; radiated power from Bolometry; to-
tal plasma current; the g-profile from EFIT and the effective ion charge number Z.;.
The ion density, instead, is inferred from the electron density and Z.ss, considering
plasma quasi-neutrality.

First, TRANSP resolves the Grad-Shafranov equation for each time step us-
ing the TEQ module. Using as constraints some experimental parameters, it gives
the magnetic field profiles. Subsequently, it resolves the particle balance equation,
for each plasma species. Particle source are calculated using the NUBEAM and
FRANTIC module, for fast particle and neutrals, respectively. It then solves the
ion energetic balance equation, using NUBEAM and TORIC modules, related to
the NBI and ICRH auxiliary heating, respectively. The ion thermal conductivity is
obtained if the ion temperature is known, otherwise it is calculated from models.
Similarly, the electron energetic balance equation is resolved, and the electron ther-
mal conductivity is obtained.

TRANSP works with fixed time steps, not dynamically evolving input profiles, with
the only exception of the g-profile. At every step, auxiliary quantities are calculated,
like: current and field profiles, heating profiles, heat fluxes and momenta, diffusivity
and conductivity.

TRANSP, through the “namelist”, can set the module that will be used during the
calculation. These can be selectively activated and deactivated, based on the specific
request.

As stated before, TRANSP returns a variety of auxiliary diagnostic quantities,
from which analysis can be performed. In this work the TRANSP estimates of
the total neutron rate time evolution during the discharge, along with the Fast
Deuterium Distribution (FDD) are analysed. The aim was to perform a validation
of the TRANSP output, with a comparison with experimental data, in order to test
the accuracy of the prediction of the code.

The TRANSP analyses were conducted iteratively. First, plasma experimental
parameters were used, including magnetic equilibria together with density, temper-
ature, effective ion charge, and bolometric profiles. Subsequently, NBI and ICRH
heating schemes were included into simulations. To model the radio-frequency power
absorption, the TORIC code was used within TRANSP, while a “kick operator” was
used to describe the transfer of energy from the wave to the injected deuterium beam
and its consequent acceleration to higher energies [105]. Since the impurity compo-
sition at JET (mainly attributed to Beryllium and Nickel) is not precisely known
as well as the 3He concentration in these plasmas (which is roughly estimated at
around 20% from RTCC), these quantities were varied in successive iterations until
the computed plasma stored energy and neutron rate matched experimental obser-
vations.

For the discharges considered in this study, the neutron yield contains contribu-
tions from three distinct channels: reactions between bulk thermal ions (thermonuce-
lar), interactions of fast beam ions with the thermal population (beam-target), and
collisions exclusively among fast ions (beam-beam).
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Table 3.2: Discharges and associated TRANSP simulations, together with the selected
timestamps for Fast Deuterium Distribution analysis.

Shot # 95671 95672 95673 95679 95680 95683 95684
Simulation ID  A25 A25 A26 V36 Vo7 Vo7 A24
Time (S) 50.0 52.0 51.0 49.95 49.95 49.2 49.0

In Table 3.2 the selected TRANSP simulations relative to the studied discharges
are indicated. The simulations were selected based on the accuracy in predicting
the experimental data from the JET fission chambers (i.e., the time evolution of the
total neutron rate). Indeed, a high neutron emission is present in Three-Ion Scheme
experiments, due to the D(D,n)3He reaction. An example is shown in Figure 3.9.
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Figure 3.9: Comparison between the TRANSP-simulated and experimentally measured
total neutron rate for Discharge #95671 at JET. Blue: experimental measurement from
fission chambers (error bounds). Red: TRANSP-predicted total neutron rate. Green:
D-beam—thermal-D contribution. Orange: beam—beam contribution. Purple: thermal-
thermal contribution. Simulation ID: “A25”.

This comparison is made as a first validation step for each simulations. The
TRANSP calculated neutron rate in Figure 3.9 exhibits a reasonable agreement
with experimental data, corresponding to Simulation 95671-A25, mostly into the
phase preceding the big sawtooth crash at ~ 51 s. It is not expected that the
simulated and measured data perfectly match after certain plasma events, such as
sawtooth crashes, which eject fast ions in a velocity-space selective pattern [98|.
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More generally, discrepancies between TRANSP predictions and measurements can
arise in the presence of anomalous fast-ion transport due to MHD activity or other
plasma instabilities. In this work, no sawtooth crash or additional MHD activity
was modelled explicitly; therefore, the comparison between simulations and nuclear
diagnostic data is limited to time intervals preceding such events, where the simu-
lated plasma is assumed to follow the measured trends most closely.

Results indicate that the primary component to the neutron production is due to the
interaction between the fast deuterium (NBI+ICRH) and the thermal deuterium,
highlighting the importance to accurately describe the fast-D component.

In summary, the results indicate that TRANSP simulations are capable, if properly
configured, of describing quantitatively and qualitatively the neutron rate during
the discharge with reasonable accuracy, but in itervals before the crash.

The time points where the best agreement between the simulation the experimental
data is achieved, were selected, and the corresponding Fast D dsitribution (FDD) is
extracted (see Table 3.2).

TRANSP computes the FDD resolved in space, energy and pitch (where the
latter represents the cosine of the angle between the deuterium gyrocentre direction
and the magnetic axis), calculated in different discharge times. An example is shown
in Figure 3.10: Panel 3.10a presents the spatial density of FDD (integrated over
energy and pitch), while Panel 3.10b shows the energy-pitch distribution (integrated
over space). One can notice that a high-energy tail is visible in the positive pitch
area, extending from 100 keV to 1-2 MeV. The FDD is concentrated in the centre
of the plasma, reflecting the ICRH heating mechanism.

3.2.2 TOFOR spectra comparison

Subsequently, the Fast D Distribution (FDD) is extracted at each timestamp, for
each discharge, as shown in Table 3.2. The second validation step was to compare
the TOFOR experimental spectra with synthetic ones produced via the GENESIS
code [59] using the TRANSP-FDD.

The experimental spectra were extracted using integration time window of 0.8 s,

centred at the selected timestamps. To perform a comparison, first it is necessary to
numerically calculate the neutron energy spectra and then to perform a convolution
with the TOFOR response function.
To simulate spectra, GENESIS needs the TOFOR line of sight file, the magnetic
equilibria for each timestamp and the Deuterium kinetic profiles (i.e., the trend of the
temperature and density as a function of the normalised poloidal flux coordinate),
as well as the FDD. The TOFOR line of sight was generated using the LINE2.1 code
[106], from which the REVOLT code is derived. The other inputs were taken directly
from the TRANSP output, as well as the FDD, taken at the selected timestamp for
each discharge.

To obtain an accurate neutron spectrum, all relevant contributions to the neutron
production must be assessed. Reaction involving the fast-D are expected to be more
relevant in terms of neutron emissivity, due to the higher energy and, thus, the higher
cross section values involved. Indeed, the DD cross section is monotonic increasing
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Figure 3.10: (a): Fast deuterium density poloidal profile obtained from TRANSP.
Shot #95671, sim. ID A25, time = 50.0 s. (b): Full space-integrated energy-pitch distri-
bution for the same case as in (a). The blue vertical dashed line at 100 keV indicates the
NBI injection energy. This threshold is used to split the original fast-ion distribution into
two components, corresponding to high-energy (Hfast) and low-energy (Lfast) populations.
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in the typical energy ranges of Three-Ion Scheme experiment (see Figure 1.2, for
DD reaction in the 1-1000 keV energy range).

The FDD was divided in two parts: one at energies less than 100 keV, and the
other one with energies major than 100 keV (see the blue vertical dashed line in
Panel 3.10b). The first part is interpreted as mainly due to the NBI Deuterium, not
effectively heated by ICRH. Indeed, NBI at JET is usually injected at ~ 100 keV.
The second part is interpreted as due to the NBI deuterium effectively heated by
ICRH, reaching energies up to 1-2 MeV. From now on, these two components will be
called “Lfast” and “Hfast”, respectively. Therefore, three deuterium species will be
considered (Thermal, Lfast, Hfast) and, as a consequence, six different components
to the neutron spectrum arise:

e Thermal-Thermal (Th-Th)

Lfast-Thermal (Lf-Th)

Hfast-Thermal (Hf-Th)

Lfast—Lfast (Lf-Lf)

Hfast—Lfast (Hf-Lf)

Hfast—Hfast (Hf-Hf)

The TRANSP code is able to calculate and track the particle orbits considering
either the gyrocentre or the actual position. For time performance, simulations are
performed recording only the gyrocentre: this choice is a good approximation when
the particle Larmor radius is little enough so that Finite Larmor Radius (FLR) ef-
fects can be neglected [107].

In case of Three-Ion Scheme (TIS) experiments, the Larmor radius can reach up to
several centimetres for the fast-D. In such case, FLR effects become significant and
must be considered into calculations.

Precisely, the TOFOR neutron spectrometer observes a vertical field of view in-
side the plasma. During TIS experiments, and considering the specific established
magnetic equilibrium, some fast deuterons perform a large gyromotion, not fully
encompassed by the TOFOR line of sight. In particular, when the fast-D is moving
upwards, toward the detector, the movement is performed inside the field of view of
the TOFOR line of sight, contrarily to the opposite case when the fast-D is mov-
ing downward, away from the detector. This means that, if the fast-D undergoes
a D(D,n)3He reaction, there is a chance that the neutron is observed in the first
half of the gyromotion, while it cannot be observed during the second half. The
consequence is that TOFOR will detect mainly neutrons produced during reaction
characterised by the fast-D moving toward the detector, and for the conservation of
energy and momentum, their energies will be higher (blue-shift). At the same time,
TOFOR will lose those neutrons characterised by the fast-D moving away from the
detector, which experience a lowered energy (red-shift).

Considering the TOFOR spectra, the final effect is a depletion of counts in the
low-energy /high-ToF part. To suppress FLR effects, the orbit correction must be
included in calculations.
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The correction, first introduced in Ref. [107], can be implemented in a relatively
simple manner. In this framework, only the toroidal component of the magnetic
field is taken into account. The magnetic field experienced by each fast-deuteron
gyrocentre is evaluated according to

R
B-= BOEO, (3.9)
where B; denotes the magnetic field strength at the magnetic axis, Ry the radial
position of the magnetic axis, and R the radial position of the gyrocentre.
Once the local magnetic field is determined, the associated Larmor radius rj is

calculated as
mD UJ_

eB ’
with v, representing the velocity component perpendicular to the magnetic field, e
the proton charge, and mp the deuteron mass. The resulting Larmor radius is then
used to reconstruct the particle position in the R-Z plane by randomly sampling
the gyroangle, assuming a uniform distribution.
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Figure 3.11: Normalised neutron spectral components from orbit-corrected simulations
(TOFOR diagnostic, energy-resolved). Omne can notice that Hfast-related interactions
dominate the spectral features at low (E, < 2 MeV) and high (E, 2 3 MeV) energies.
Shot #95671, simulation ID A25, time = 50 s.

In Figure 3.11 a simulation of the spectral contributions observed along the
TOFOR line of sight is shown, when the orbit correction is applied. One can notice
that components involving only “slow” deuterium produce a spectrum centred at
~ 2.5 MeV. Hfast-related components show a different behaviour, where a broad
energy range, from ~ 1 up to 5.5 MeV, is observed. This is mainly due to the
blue and red shifts, enhancing (or weakening) the energy of the neutrons produced
after the reaction. Finally, an example is shown in Figure 3.12 where one can see a
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Figure 3.12: Energy spectra obtained from simulations performed with (orange) and
without (blue) inclusion of FLR effects. Shot #95671, simulation ID A25, time = 50 s.

comparison between the spectrum without orbit-correction and the orbit-corrected
one.

Figure 3.13 shows the final results of the comparison. In Panel 3.13a the calcu-

lations performed without considering the FLR effects are shown. One can observe
that in the higher energy part (i.e., the low ToF part) the two spectral shapes are
similar once superimposed. As mentioned before, neutrons in the low-ToF region
are primarily generated by the fast D moving toward the detector (so that, the re-
sulting neutron is blu-shifted), and are about-fully seen by the detector. Conversely,
in the low-energy/high-ToF part, the neutron yield is largely overestimated, due to
the fact that the fast deuterons moving away from the detector (and so, red-shifted)
are not observed.
Panel 3.13b shows the results of calculations performed taking in account the FLR
effects, where a good agreement in the full spectral range is assessed. Comparable
performances are observed across the full set of discharges, supporting the validity
of the FDD from the selected TRANSP simulations in terms of spatial localization,
energy distribution, and pitch-angle dependence.

3.2.3 Alpha Birth Profiles comparison

In the final part of this work related to TIS experiments at JET, the aim is to recon-
struct the Alpha Birth Profile (ABP) from experimental data of the Gamma Camera
(GCU), and to compare it with synthetic profiles calculated using the TRANSP Fast
D distribution (FDD).
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Figure 3.13: Comparison between experimental and synthetic TOFOR spectra for Dis-
charge #95671, simulation ID “A25” at t = 50 s. (a): Spectrum computed without orbit
correction. (b): Spectrum computed with orbit correction applied.
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Plasmas from Three-Ion Scheme (TIS) experiments at JET are characterised
by the intense emission of alpha particles due to the presence of Deuterium and
Helium-3. The two species undergo the 3He(D, p)a reaction, where an enhanced
rate is observed due to the combination of both NBI and ICRH heating schemes,
reaching high collision energies. Anyway, the majority of alpha particles can’t escape
plasma like neutrons. To measure the alpha spatial profiles, the gamma emission
at ~ 16.4 MeV (characterised by a broad spectral shape, similar to the DT-gamma
emission in Chapter 2) from the 3He(D, 7)5Li reaction [46, 47| can be exploited. The
Branching Ratio (BR) of the gamma-channel of the D3He reaction is much lower
compared to the alpha-channel (BR ~ 107® v/«). Nevertheless, observations of this
gamma component has been assessed, and can be used to indirectly infer the ABP.
[72, 86] Using the scintillator detectors mounted on the gamma camera at JET, the
emission from the gamma-branch can be observed, separating the signal from the
background. Indeed, gamma background lies in the E < 10 MeV region, while the
signal is expected at E>10 MeV.

GCU data consist of a collection of digitised waveforms, each associated with a
corresponding time stamp. Every time a gamma-ray is recorded, its pulse is con-
verted into a waveform, and the precise detection time is stored in the accompanying
time stamp. By applying the software Get AGRaSp (Get A Gamma-Ray Spectrum),
described in Ref. [108, 71|, to these individual waveforms, it is possible to recon-
struct the energy spectrum deposited in the crystal over any chosen time interval.
In the discharges examined in this study, the capability of the code to account for
overlapped pulses was crucial for properly reconstructing the spectrum in the high-
energy region, which is of particular interest for alpha particle investigations. To
address this, a pile up recovery procedure has recently been implemented into the
code, which was also employed to analyse the dataset presented here.

An example of waveforms recorded by Channel-11 and analysed by GetAGRaSp for
Discharge #95671 is shown in Figure 3.14.

The background is mainly due to the DD neutrons interacting with vessel nuclei
and producing prompt gamma rays, detected by GCU channels [68, 49]. Although
typical background events lay below ~ 10 MeV, the typical signal spectral shape is
partially affected. To remove the background, gamma ray spectra were obtained
either during the NBI-only or NBI+ICRH phases (see Figure 3.1). During NBI-only
heating, the D3He emission is about null compared to the ICRH-window, where
higher cross sections are reached. Nevertheless, neutrons from DD reactions are
present, producing a non-negligible gamma background. These data can be used
to evaluate the background, to be subtracted to the total spectrum of the ICRH-
phase. For each channel, the NBI gamma background is determined by integrating
the gamma counts over the entire NBl-only phase and then averaging across all the
studied discharges (see Figure 3.15).

Then, after performing an energy calibration (using the peaks due to the inter-
action of neutron with 56Ni nuclei present in the collimation system material) the
resulting NBI background is normalised to the total neutron yield of the selected
discharge phase during ICRH heating (with an integration time of 1 s around the
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Gamma Camera.

78



studied timestamp, for each discharge). After subtraction, a structure is observed
in the range from 9 to 17 MeV, and all events with energy exceeding a threshold of
9 MeV are counted. Performing this task for each channel, a GCU profile, for each
discharge, is obtained (see an example in Figure 3.6).

Regarding synthetic spectra, GENESIS is used to calculate, for each discharge,
the total counts to each channel. To do so, some input parameters are used. GCU
line of sight files, calculated with LINE2.1 were used. The FDD was retrieved
directly from TRANSP, along with magnetic equilibria and ion kinetic profiles. In
Figure 3.16 an example of the comparison between synthetic and experimental GCU
profile is shown. Across the selected discharge and timestamp, a reasonable agree-
ment between the two profiles is observed, showing an intense emissivity along chan-
nels observing the plasma in the proximity of the magnetic axis (3-6 and 14-16).
Experimental profiles generally show higher counts in channels related to the outer
plasma, probably due to other sources of background (like gamma emission from
walls intercepted by the line of sight, not fully subtracted, or components not fully
removed during processing).
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Figure 3.16: Comparison between experimental (orange) and synthetic (blue) Gamma
Camera profiles. The synthetic profile is normalised to the total experimental Gamma
Camera counts, for direct comparison (and also because the detectors are not absolutely
calibrated). Error bars correspond to Poisson statistics: o = V/N. Shot #95671, Simulation
ID “A25”, discharge time: 50.0 s, Integration time: 1.0 s.

After obtaining a GCU profile from experimental data, or from numerical calcu-
lations via GENESIS using the TRANSP FDD, a tomographic reconstruction (see
Section 3.1.4) via TREVISO is performed, resulting in an emissivity 2D map (see
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an example in Figure 3.7). These results, although obtained analysing gamma-rays,
represent the emissivity profile of alpha particles directly born from fusion reactions.

Subsequently, the 2D pixel matrix were projected into the normalised poloidal
flux coordinate (p) space. The aim is to visualise emissivity profiles in a 1D graph,
as a function of the p coordinate, for direct comparison. In practice, this procedure
consists of evaluating, for each pixel in the R-Z plane, the corresponding p coor-
dinate and plotting the emissivity value as a function of p. The outcome of this
process is shown in Panel 3.17a, starting from the two-dimensional map presented
in Fig. 3.7. One can notice that the emissivity is very high in the centre, near
the magnetic axis, and suddenly decreases as one moves farther out into the outer
plasma. Subsequently, points in Panel 3.17a are binned in discretised p-window, cal-
culating mean and standard deviation for each bin, finally resulting in a 1D profile
(see Panel 3.17b).

Two different procedures are used to determine error bars of the 1D profiles:

e Synthetic data: The simulated GCU profile is directly reconstructed using
TREVISO. After projection onto the p coordinate, pixel emissivity values are
binned along the p axis. For each bin, the mean and standard deviation are
computed, representing respectively the central value and uncertainty of the

1D profile.

e Experimental data: A similar procedure is applied, but over a set of one
hundred GCU profiles derived from the original measurement. These profiles
are generated using the Poisson statistics, which is assumed to govern the
counting process. For each GCU channel, the original count N is used as the
mean (@ = N) and the variance (02 = N) of the distribution. The 100 synthetic
profiles are then created by sampling from a Poisson distribution defined by
the previous parameters. After the tomography, 100 1D profiles are obtained,
and an averaged profile, along with averaged errors, are calculated. Finally, the
resulting error is combined quadratically with the reconstruction uncertainty
(related to the pixel dispersion in the p space, as in the first point) to yield
the final errors of the 1D ABP. This brute-force method allows propagation of
statistical uncertainties through the tomographic reconstruction.

Finally, a comparison between either synthetic and experimental derived emis-
sivity profiles is shown. (see Figure 3.18). This procedure is then performed for each
discharge in the selected timestamp (Figure 3.19). Generally, a reasonable agreement
is achieved between synthetic and experimental profiles. The better predictions are
achieved for simulations 95671-A25, 95679-V36 and 95680-V07. The profile shape
is very similar across all discharges, characterised by an emissivity concentrated in
the plasma centre with a rapid decrease to zero for p less than 0.2-0.4. The only
visible change is how suddenly the emissivity profile goes to zero from one profile
to another. Generally, the experimental profiles are less centred peaked than the
synthetic ones, probably due to the presence of noise at higher p values. Moreover,
one can notice that errorbars for synthetic profiles are larger than experimental
ones, due to the fact that the pixel emissivities calculated from the TRANSP FDD
are much more widespread in the p space, compared to the experimental emissivities.
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Figure 3.18: Comparison between experimental (orange) and synthetic (blue) normal-
ized alpha emissivity profiles as a function of the normalized poloidal flux coordinate, p.
Shot #95671, Simulation ID “A25”, discharge time: 50 s.

Results suggest that, if properly configured, the TRANSP stimulations can ef-

fectively predict TIS experiments in D—3He plasmas. Using TRANSP, predictions
of the total neutron rate, synthetic TOFOR neutron spectra and ABPs calculations
have been effectively performed.
It was observed that, in such kind of experiments, the FDD is responsible for the
high neutron and gamma emission. This means that, if the control of the heating
scheme is achieved, an intense source of alpha particle can be generated, provid-
ing a unique environment to study alpha particle, with lower neutron emission and
without the use of tritium compared to DT scenarios. Moreover, TRANSP can be
used to predict, or prepare, future TIS experiments or, more generally, to deepen
our understanding of phenomena in this kind of plasmas and heating schemes.

A comparison between the Hfast density profile, as a trend of p, and the resulting
synthetic alpha birth profiles has been made. In Figure 3.20 it is clearly shown the
dependence between the Hfast-FDD and the resulting synthetic ABP, indicating
that the main contribution to the emissivity could be due to the high energy part
(> 100-1000 keV) of the FDD, related to the ICRH heating. The Lfast component,
instead, seem to not be particularly correlated to the final ABP.

Finally, connecting with Chapter 2, it is possible to obtain quantitative informa-
tion about alpha emissivity during TIS experiments. Fusion power measurements
relative to aneutronic fusion reactions may be performed (similarly to the DT case
from Ref. [29] and [30, 31]) only thanks to the secondary gamma-ray emission.
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Figure 3.20: Comparison between Hfast density, Lfast density and Alpha Birth Profile
shapes (Simulation type: “A”). (a) Normalized Hfast density profiles as functions of the
p coordinate. (b) same as in (a), but for the Lfast component. (c) Normalized synthetic

Alpha Birth Profile as functions of the p coordinate.
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Chapter 4

Runaway Electrons Studies:
Investigating Bremsstrahlung spectral features

using multiple lines of sight

Runaway Electrons (REs) represent a critical population in tokamak plasmas, re-
quiring careful control and thorough understanding due to their potential to inflict
severe damage on plasma-facing components. REs can strike the first wall of the
tokamak with substantial energy, threatening its structural integrity. While plasma
disruptions represent one of the most critical and widely studied sources of REs,
these particles can also be generated in non-disruptive scenarios whenever suffi-
ciently strong electric fields are present, such as during current ramp-up phases or
in low-density, cold flattop plasmas. In next-generation fusion devices, operations
will require either complete avoidance of disruptions and highly reliable mitigation
strategies. Disruptions are characterised by a sudden loss of plasma confinement, of-
ten leading to the generation of strong electric fields capable of accelerating electrons
into the runaway regime, where collisional friction is insufficient to counterbalance
the electric force.

The first section provides an overview of RE physics and the disruption process.
The second section focuses on Bremsstrahlung emission in RE discharges, analysing
the features of the hard X-ray to soft gamma-ray spectra as observed from multiple
lines of sight.

4.1 Disruptions and runaway electrons

RE beams impacting plasma-facing components can cause severe localised damage,
depositing large amounts of energy in just a few millimetres of material [109, 110,
111, 112, 113, 114|. Their energies can range from a few keV to several tens of MeV.
If this population is not adequately controlled and its physics properly understood,
the operation of future machines such as ITER [115] or SPARC [116] could be se-
riously compromised. Particularly in large-size tokamaks, RE currents may reach
several mega-amperes, releasing tens of megajoules of energy onto the tokamak wall.
Such damage may take months to repair, hindering operation and increasing delays
and costs.
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Figure 4.1: Example of a runaway-electron experiment at JET during discharge #103061.
Data retrieved from the Visible Camera KL8 at 48.125 s, with an integration time At =
0.5 ms.

Electrons, like all charged particles, undergo Coulomb collisions with other plasma
particles, resulting in a friction force [109, 117]. This slowing-down force, described
by Fokker—Planck theory, depends on the electron velocity v, and is always opposite
to the direction of motion (an illustration is shown in Figure 4.2 for the case of an
electron in air).

Define vy, as the electron thermal velocity. At low speeds (ve < vy,), the friction
force increases almost linearly with velocity (o< v,), reaching a maximum value at
Ve ~ Vg, and then decreases as o< v;2 for v, > vy,. The minimum is reached when
the kinetic energy reaches the value E, = m.c?, after which radiative losses, due to
synchrotron and bremsstrahlung radiation, dominate.

If a constant electric field is applied, its ability to accelerate electrons depends on
its magnitude relative to the friction force. When the resulting electric force is
below the minimum friction value at E, ~ m.c?, electrons cannot be accelerated
indefinitely. This threshold is known as the critical electric field E¢:
3
oLl 0 7mg [V/m] (4.1)

dmey  Mmec?

where In A is the Coulomb logarithm, typically > 1, and nyq is the electron density
in units of 1020 m=3.

If the electric field exceeds another threshold, the Dreicer field Ep:
1 e3n.InA

= 2
dmey mevp,

Ep

(4.2)

then even thermal electrons (ve » vy,) can enter the runaway regime.
For Ec < E < Ep, only electrons already above a certain velocity vy, (the point
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Figure 4.2: Dynamic friction on a free electron in air as a function of energy, compared
to an applied electric field. [118]

where the electric force equals the friction force in the region v, > vy,) will run
away, while slower electrons remain collisional. Electrons in the runaway regime
experience ever-decreasing friction with increasing velocity, enabling acceleration to
relativistic energies until confinement is lost. The only radiative losses are due to
synchrotron and bremsstrahlung radiation.

4.1.1 Disruptions

Runaway Electrons can be generated during various discharge phases, including
startup, flattop, and especially during disruptions. In the latter case, the plasma
thermal and magnetic energy can be suddenly released to the vessel. A disruption
begins with the thermal quench, caused by growing magnetohydrodynamic insta-
bilities or impurity influx, which rapidly dissipates the plasma thermal energy and
reduces the temperature within hundreds of microseconds to about 1 ms.

The resulting increase in plasma resistivity leads to the current quench, lasting sev-
eral milliseconds. As the plasma current drops, the changing poloidal flux induces
strong electric fields proportional to the decay rate. If this field exceeds F¢, a
fraction of electrons enter the runaway regime. The RE current can grow exponen-
tially until it reduces the induced electric field below the critical value, after which
a plateau phase lasting tens of milliseconds may follow. In this phase, the plasma
consists of cold ions and highly energetic electrons, concentrated in a narrow beam
that may lose confinement and strike the wall. Coulomb collisions with plasma ions
are not sufficient to slow them down, and the acceleration is mainly limited by rel-
ativistic radiative losses.

The resulting damage to first-wall material can be severe, with potential risks also for
components located behind it, such as coolant pipes or structural supports. Damage
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may include metal vaporisation, thermal-shock cracking, recrystallisation, and crack
formation.
Two types of RE generation processes can be distinguished:

e Primary generation: for an electric field Ec < E < Ep, only a fraction
of the electron population is accelerated, forming a suprathermal component
(Ve > vum). Subsequently, through collisions, additional electrons can be
pushed into the runaway regime (Dreicer mechanism). Other RE sources
include tritium beta decay and Compton scattering with gamma rays from
activated wall materials. Finally, the hot-tail mechanism occurs during a
rapid thermal quench, when low-energy electrons thermalise quickly while
high-energy electrons survive and can run away. This effect becomes particu-
larly important during gas injection, which produces a cold electron population
from ionisation of the injected gas itself, while hot plasma electrons remain,
responsible for runaway generation.

e Secondary generation: this is the most dangerous mechanism of RE gen-
eration in large-scale tokamaks. Existing REs from primary generation can
transfer energy via collisions to slower electrons in the thermal region, push-
ing them into the runaway regime in an avalanche process, resulting in a fast
exponential growth of the RE population.

Mitigation strategies

Future tokamaks must both avoid disruptions and mitigate them effectively when
they occur [119, 120, 121, 122|. Several mitigation strategies have been developed:

e Massive Gas Injection (MGI): a large quantity of noble gas is injected
into post-disruption plasma. The resulting density increase raises plasma re-
sistivity, enhancing collisional dissipation of the RE beam and increasing F¢,
thereby reducing the runaway fraction [123|. High-Z gases (argon, neon, kryp-
ton) also enhance bremsstrahlung radiation, further dissipating RE energy.
However, MGI has limited penetration into the plasma core, reducing its ef-
fectiveness in large devices. Moreover, complete removal of these gases can
be difficult and stressful for the vacuum system. For this reason, low-Z gases
such as deuterium are being investigated [124].

e Shattered Pellet Injection (SPI): cryogenic noble-gas pellets penetrate
deeper into the plasma core than MGI gas clouds, improving efficiency in
larger devices. This method will be used in ITER as the primary mitigation
system [125].

e Resonant Magnetic Perturbations (RMPs): magnetic perturbations dis-
tort and break the remaining closed flux surfaces, degrading RE confinement
and reducing avalanche multiplication [126]. Moreover, this scheme limits the
energy gained by REs after each toroidal loop.

Dedicated experiments at JET and ASDEX have deliberately triggered disrup-
tions, often via argon (Ar) injection, to study RE dynamics and test mitigation
techniques.
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4.1.2 Bremsstrahlung from runaway electrons

The ultimate goal of RE research is to enable predictive modelling for avoidance
and mitigation. However, using diagnostics during RE events is challenging due to
the nature of the phenomenon. Despite these difficulties, REs interact with plasma
particles, generating radiation that can escape the plasma and be detected.

During disruptions, REs emit both synchrotron and Bremsstrahlung radiation [127].
Synchrotron emission, typically in the infrared-to-visible range, is observed by cam-
eras (see Figure 4.1). Bremsstrahlung, emitted from a few keV to several tens of MeV,
results from Coulomb collisions between REs and other charged particles, where the
electron trajectory is deflected and hard X-rays and gamma rays are produced (see
Figure 4.3). Thus, a fraction of the electron kinetic energy is converted into radi-
ation. Strong emissivities are expected, with fluxes reaching up to 10¢ photons/(s
cm?) several metres away from the tokamak.

Bremsstrahlung
Radiation

Figure 4.3: Schematic of the Bremsstrahlung emission process.

As previously mentioned, high-Z impurities lead to more intense Bremsstrahlung
emission. These impurities can be deliberately introduced to trigger the thermal
quench (e.g. argon injection) or to mitigate the RE beam. Alternatively, they may
originate from first-wall materials (such as tungsten) and pose a threat to plasma
operations.

Due to the nature of Bremsstrahlung emission, the maximum photon energy can
reach the kinetic energy of the RE itself: the resulting energy spectrum is continuous,
extending up to several tens of MeV.

The emission is strongly anisotropic in the typical energy range of RE events in
tokamaks (E > 1 MeV). Most of the radiation is emitted along the same direction
as the RE, due to relativistic effects (see Figure 4.4) [128].
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Figure 4.4: Bremsstrahlung cross section as a function of the RE emission angle (with
respect to the observation direction), for different RE energy values. The strong anisotropy
is evident, typical of energies above 1 MeV. One can notice that the maximum emissivity
is obtained along the RE direction at zero degrees.

4.2 Analysis of Bremsstrahlung emission

Runaway Electrons (REs) can be indirectly detected through gamma-ray diagnos-
tics. In particular, Bremsstrahlung (Bs) radiation is produced when REs interact
with background plasma ions, generating intense Hard X-Ray (HXR) emission across
a broad energy range, from a few keV up to several tens of MeV.

At JET, Bs emission has been systematically measured during dedicated RE exper-
iments using several diagnostics, such as the Gamma Camera Upgrade, the tangen-
tial gamma-ray spectrometer (TGRS), and the vertical gamma-ray spectrometers
(VGRS), all equipped with LaBrs3:Ce scintillators (see Figure 4.5). These systems
provide insight into both the RE energy distribution and the spatial emissivity pro-
file.

This work investigates how the spectral features of Bs vary depending on the
line of sight used during RE events. Previous analyses often assumed a RE popu-
lation strictly aligned with the magnetic field, i.e., purely co-passing electrons [128,
96, 129]. By contrast, the approach presented in this thesis considers more general
pitch-angle distributions. From theoretical considerations, it can be shown that the
overall shape of the HXR spectrum depends on the orientation of the line of sight
with respect to the magnetic field only if the RE population includes a significant
fraction of electrons at non-zero pitch angles. This provides a possible explanation
for experimental evidence at JET, where diagnostics with different observation an-
gles measure spectra with different slopes. Figure 4.6 illustrates this effect: during
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a dedicated RE discharge (#103061), the spectra obtained with TGRS and VGRS
display markedly different slopes.

Several factors may contribute to this behaviour. However, this thesis focuses on
demonstrating that such differences may come from a non-single valued RE pitch-
angle distribution.
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Figure 4.6: Experimental HXR spectra obtained with TGRS (red) and VGRS (blue)
during a RE experiment at JET (discharge #103061, time window [48.10, 48.15] s). The
spectra exhibit different slopes depending on the diagnostic used.

The analysis developed in this chapter shows that the HXR spectrum can be rep-
resented as a sum of contributions, each of which can be separated into two distinct
terms: the first controlling the intensity, and the second controlling the spectral
shape.

Furthermore, it is shown that a semi-analytical code can be implemented to simu-
late Bs spectra without relying on MonteCarlo methods, thus significantly reducing
computational costs.

4.2.1 The weight function

Consider a tokamak plasma composed of pure deuterium (Z = 1), and focus on a
specific spatial position Zy located on the magnetic axis at the fixed time ¢5. A
detector is assumed to intercept 7y along a line of sight forming a fixed angle a with
the magnetic axis.

The quantity S, ., is defined as the Bremsstrahlung emissivity (with dimension
photons/(s-m?)) corresponding to photon energies between €; and €3, where €; < €.
For instance, €; and €5 may represent the lower and upper limits of an energy bin in
a discretised spectrum. S, , is related to the RE distribution function Frg through:

0o +1
Seren(C,0) = fo dERrE [1 dPrg We, ,(ErE, PrE, 00, ¢) Fre(Erp, Pre)  (4.3)
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Here, Frp(ERrE, Pre) denotes the RE distribution in energy—pitch space, where the
pitch is defined as Prp = Vre,|/Vae = cos(pp), with ¢p being the pitch angle. Vip
is the RE velocity and Vg its component parallel to the magnetic field. The angle
¢ is the RE gyro-angle.

W, ., 1s the Bremsstrahlung weight function, representing the sensitivity in the RE
energy—pitch space for the photon energy range €;—€, of a given spectrum. By inte-
grating the product of the weight function and a given RE distribution function, the
emissivity S, ., can be obtained. In the discretised case, performing this operation
over a set of energy bins yields the corresponding spectrum, using the appropriate
weight function for each bin. Examples of weight matrices (i.e. the discretised ver-
sion of the weight functions) as functions of Erp and Pgrp for fixed o and € are
shown in Figure 4.7.

In earlier work, Frp was often assumed to peak at Prg = 0, corresponding
to co-passing electrons, which allowed the development of inversion methods for
reconstructing Frp from experimental spectra [96, 128].

For clarity, now consider a monoenergetic and mono-pitch RE distribution:

Fre(Ere, Pre) = 6(Ere — Ey) 0(Pre — Fy) (4.4)
so that Equation 4.3 reduces to:

861,62(a7 ¢) = W€1762(E07 POa «, ¢) (45)

Since ¢ is uniformly distributed, the gyro-averaged quantities gehez and Wel,eg can
be expressed as:

— 1 27

561,62(05) = % ‘/O‘ 361,62(a7 ¢) do =
1 2
21 Jo

W61,62(E0a POa «, ¢) dgb = thez(EO’ POv 04) (46)

Physically, W, .,(Fo, Py, a) represents the Bremsstrahlung emissivity (for photon
energies between ¢€; and €;) produced by a monoenergetic RE population with fixed
pitch and observed at a given angle «, averaged over all possible gyro-angles.

Weight function separation

The aim of this section is to derive an expression for the weight function W,
decomposed into two terms:

1,629

We oo (ErE, PrE, 0, 9) = R(ERE, PrE, 00, ) - Pey 0o (ERE) (4.7)

The first term, R, is associated with the intensity of Bremsstrahlung radiation
([R] = s'm™3) and is independent of photon energy. It is referred to as the Rate
Function, R(Egrg, Pre, o, ¢). The second term, P, .,(Egrg), represents the proba-
bility of emitting a photon with energy between ¢; and €3, and depends solely on
the RE energy.

Once Egrg, Prg, and « are fixed, and €;, €5 are defined, the first term depends
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Figure 4.7: (a) Weight matrix calculated for a fixed photon energy € = 5 MeV and ob-
servation angle o = 90° (gyro-averaged values). (b) Same as (a), but for e = 10 MeV. (c)
Same as (a), but for a = 50°.

94



only on the RE gyro-angle ¢, while the second has no dependence. Moreover, the
dependence on the Larmor phase vanishes once W, , (and therefore R) is averaged
over all gyro-angles.

Equation 4.5 shows that W, ., corresponds to the Bremsstrahlung emissivity
integrated over the energy interval €;—€5, when Erp, Prg are fixed. The emissivity
is expressed in units of s7'm™3, representing the number of photons emitted per

second per unit volume. Accordingly, W, ., can be calculated using:

1,€2

W61,62 (EREa PRE; «, ¢) =002 nionnRE<UU>61,62 (48)

Here, n;,, and ngp are the background ion and runaway electron densities, respec-
tively, at the observation point %y, while 0€2 is the solid-angle fraction subtended by
the detector. The term (ov),, ., denotes the Bremsstrahlung reactivity for photons
with energies between ¢; and ¢;, defined as:

d?o

dE dQ €1<€<€e2

<0v>61,62 = f d‘7ion dVRE Urel f(VRE) f(‘_)ion) (49)

The relative velocity v, = |‘7RE - f/wn| can be approximated by the RE velocity Vi,
as the thermal ion velocity V., is negligible compared with the typical RE speed.
The terms f (VRE) and f (an) represent the velocity distribution functions of the
REs and ions, respectively.

The reactivity in Equation 4.9 includes the Bremsstrahlung Cross Section (BCS),
for which a semi-empirical expression is available. Following Refs. [130, 131], the
BCS can be written as:

d?o _i
de dQ 27

do
Puipote(Erp,0) E(G, Erg) (4.10)

The term Pyipore(ErE, 0) /27, known as the dipole function, describes the anisotropy
of the BCS. An explicit form is given in Ref. [60]:

cosf - )2 1
1-pBcosf) |+2(1-pFcosh)?

where 8 = Vgg/c and v = 1//1 - $2. The emission angle 6 is defined as the angle

between the RE velocity vector VRE and the line of sight direction ;5. It can be
expressed as a function of Prg, a, and the gyro-angle ¢, as demonstrated in the
next subsection.

The gyro-averaged dipole function, ﬁdipole, is obtained by averaging Plipole OVer
all gyro-angles. This is achieved by expressing Pyipole as a function of the gyro-angle
¢ (see Equation 4.17 in the next subsection) and integrating over a uniform distri-
bution in the interval [0,27]. In practice, this integral is evaluated as a discrete
sum over a large number of equally spaced ¢ values and normalised by 27. Fig-
ures 4.8a and 4.8b show the behaviour of ﬁdipole as a function of the pitch angle
pp for observation angles o = 50° and « = 90°, respectively, and for different RE
energies.

The term do /de (e, Egg) represents the energy-dependent component of the BCS,
where € is the energy of the emitted Bremsstrahlung photon. Figure 4.8c shows its

(4.11)

3
Piipole(Erg,0) = 3 [1 + (
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dependence on € for different RE energies. For a given spectral energy interval
(€1 < € < €3), the energy-dependent part of the cross section becomes:

do

e  do
| (Ens) - f de (e, Enr) (4.12)

€1<e<€el 1

The BCS in Equation 4.10 has significant implications for the weight func-
tion We, ,, as will be discussed later. It also strongly influences the shape of the
Bremsstrahlung spectrum: a monoenergetic RE distribution, for instance, produces
a continuous spectrum extending from 0 to Frg due to the energy-dependent term.
Furthermore, the observation angle and the RE pitch distribution have a marked
impact on the spectral intensity through the Py term.

Angle dependence

In Equation 4.10, the Bremsstrahlung cross section depends on the emission angle
0, defined as the angle between the RE velocity vector Ve and the observation line
of sight ;..
It is often more convenient to express the emission angle in terms of three other an-
gles: the pitch angle pp = arccos(Pgg), which is the angle between the RE direction
and the magnetic field; the observation angle «, defined between the magnetic axis
and the line of sight; and the RE gyro-angle ¢, which describes the Larmor phase of
the particle around the magnetic field. These quantities are generally easier to use
in analysis than 6 itself.
An explicit relation between 6 and these three angles can be derived. Consider a
line of sight that intersects the magnetic axis and lies in the same plane as the unit
vector z, which is perpendicular to the magnetic field direction B = 2. This defines
a Cartesian coordinate system (x,y,z). The unit vector along the observation line of
sight is then given by:

Ujos = cos(a)Z +sin(«a)z (4.13)

The RE velocity vector can be written as:

VRE = VRE COS((,OP),% + VRE sin(wp)Bl (414)

where B | is the unit vector perpendicular to the magnetic field and can be expressed
as a linear combination of & and y:

B, = cos(¢)i —sin(¢)g (4.15)

By combining these expressions, we obtain the following relation for the emission
angle:

cos(0) = s - Vep =
(cos(a)z +sin(a)z) - [cos(pp)Z +sin(pp) (cos(p)z —sin(d)y) ]
= cos(a) cos(pp) + sin(a) sin(pp) cos(¢) (4.16)

Equivalently, it can be expressed as a function of the pitch Pgg:
cos() = cos(a) Prp +sin(a) cos(¢)\/1 - P2, (4.17)
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Figure 4.8: (a) Gyro-averaged dipole function as a function of the pitch angle ¢p for
different RE energies and observation angle a = 50°. (b) Same as (a), for a = 90°. (c)
Energy-dependent part of the BCS as a function of ¢, for different RE energies.
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Thus, the Bremsstrahlung cross section can be expressed as a function of the gyro-
angle ¢, the observation angle «, and the pitch angle ¢p. The direct consequence
is that W, ., can be expressed as a function of the three angles instead of 6.

In Figure 4.9 a schematic of the reference system used in this treatment is shown.

-

RE gyro-motion
./ « around the magnetic
/ \ field B

VRE,J.

-——————

Figure 4.9: Schematic of the reference system used for the spectral calculation. Angle «
denotes the angle between the magnetic field direction (denoted by B) and the observation
LoS (typs) direction. Angle ¢ is the gyro-angle of the RE, showing off when the pitch angle
wp is different from zero. Angle ¢p is the pitch angle of the RE i.e., the angle between
the RE direction (determined by the RE velocity Vgg) and the magnetic field. Finally, 6
represents the emission angle between the observation direction B and the RE direction

VRE.

4.2.2 Calculations

Now, the reactivity for a RE beam with fixed energy and pitch can be computed,
such that VRE = ‘/Q, ERE = EQ, and PRE = Poi

d2
(UU €1,62 — f d‘/wn dVRE Urel 75~ de dQ 61<6<€2(VYRE - Vb) 5(‘/ion - 0)
d?o Vo do
- E,, P - Eo) Puivose( Eo, Po, 41
Vo Ty 61£€<82; 0, Ct, @) = o de 515«82) dipole(Eo, Po, o, @) (4.18)

where Equation 4.10 has been used. The relative velocity v, equals the RE velocity
Vb, since ion velocities are negligible compared with typical RE velocities.
The weight function W, ., from Equation 4.8 can be written as:

51,52(E07 P07 7¢) 052 nzonnRE‘/E) szpole(E07 Po, a (b) 5 (EO) (419>

d €1<€<€En

Next, the total energy cross-section ¥ is defined as the energy-dependent part of
the cross-section integrated over all photon energies e:

mas do
S(Epg) = f e (¢ Bn) (4.20)
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(with units m?) which depends solely on the RE energy Erg. The integration bounds
are chosen such that €,,,, is sufficiently large to include Erg, while €,,;, is set to a
small but finite value.

Once Erg = Ey is fixed, one can denote ¥ = 3. Using this, Equation 4.19 can be
rewritten as:

do

61,62(E07P07 7¢) 082 nwnnRE‘/Oz szpole(EOaPOa 7¢) E0 5 (EO)

4.21
de €1<€<€g EO ( )

The first part of the right-hand side of Equation 4.21 (before the dot) corresponds
to a rate. The rate function R is defined as:

R(E07 PO) 7¢) 59 nwnnRE% szpole(E07 PO) «, ¢) E0 (422)

which depends on Ey, Py, «, and ¢, but is independent of the photon energy. The
rate function determines the total emission intensity, irrespective of photon energy.
The gyro-averaged rate function is expressed as:

R(E()v P07 Oé) o2 nzonnRE% 20 szpole(E07 P07 Oé) (423>

The gyro-averaged rate function depends on both RE energy (through Vzp and
Y) and the RE pitch and observation angles. This dependence is illustrated in
Figures 4.8a and 4.8b, showing how the dipole function—and consequently the rate
function—varies with pitch for different energies and observation angles.
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Figure 4.10: Effect of the gyro-averaged rate function on Bremsstrahlung spectra. Right:
gyro-averaged rate function as a function of pitch angle for E =5 and 20MeV and obser-
vation angles a = 90° and 50°. Left: corresponding Bremsstrahlung spectra at pitch angle
wp =90°.

Figures 4.10 and 4.11 show that the maximum of the rate function (and thus of
the emission intensity) occurs when the pitch angle matches the observation angle.
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Figure 4.11: Effect of the gyro-averaged rate function on Bremsstrahlung spectra. Right:
gyro-averaged rate function as a function of pitch angle for E =5 and 20MeV and obser-
vation angles a = 90° and 50°. Left: corresponding Bremsstrahlung spectra at pitch angle
Yp = 50°.

As the pitch deviates from the observation angle, the intensity decreases. If two de-
tectors with different observation angles are used simultaneously, and the RE pitch
and energy are fixed, they will record different photon intensities—one higher and
one lower—depending on their alignment with the pitch direction, as shown in the
figures.
The RE energy dependence of the dipole function enhances this directional sensi-
tivity: at higher RE energies, the emission becomes more strongly peaked along the
RE direction of motion (see Figures 4.8a and 4.8b). This behaviour is also reflected
in the rate function. Finally, the factor Vzg X in Eq. 4.23 scales the overall intensity
but does not alter its angular dependence.

The second part of the right-hand side of Equation 4.21 (after the dot) represents
a probability. Define P, ., as:

1,€2

1 do
Perex (Eo) = S de (Eo) (4.24)

This quantity represents the probability of detecting a photon with energy ¢; < € < €5
following a Bremsstrahlung event, depending on Frg. Since the energy-dependent

term flj—‘: is integrated between €; and ez, P, ¢, is dimensionless, whereas

1 do
P(e, Ey) = —— (¢, Ei 4.25
(e Bn) = 5 e ) (425)
is a probability distribution function with units of [MeV~!|, representing the prob-
ability density of emitting a Bremsstrahlung photon with energy e from a RE with
energy Fy. The qualitative shape of P mirrors that of the energy-dependent term of
the Bremsstrahlung cross-section (see Figure 4.8¢), normalised by 1/3,. As the RE
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energy increases, the high-energy tail of the distribution extends to larger photon
energies, up to €,.. = Fy. Consequently, the spectrum becomes flatter (i.e. less
steep) at higher RE energies and steeper at lower ones.

Finally, the weight function W, ., can be written as:

Wel,ez (E07 POa «, ¢) = R(EOa PO) o, ¢) . PEI,GZ (EO) (426)
Averaging over all gyroangles, Equation 4.26 becomes:

W61,62(E0’ P(), Oé) = }_%(E()a P07 O./) ’ P€1,62(E0) (427)

4.2.3 Implementation in a code

The results presented above show the possibility of implementing semi-analytical
calculations in a code to simulate Bremsstrahlung spectra from RE experiments.
In general, a monochromatic or mono-pitch RE distribution is not expected; rather,
a broad range of energies and pitch angles is considered. Nevertheless, the RE
distribution can be discretised into energy and pitch bins, and a weighted sum over
all possible combinations of Err and Prg can be performed. Equation 4.3 then
becomes:

Sﬁk(&) = Zwek(Ei7Pj?O‘) " Wij (4'28)

irj

where the average over all gyroangles has been taken. The bin-intensity ggk and the
discretised weight function W, are calculated for the photon energy bin €. The
weights w; ; are extracted directly from the discretised RE distribution Frp and
represent the relative population of each 2D bin in the F—P space. In practice, this
task is carried out by computing Equation 4.27 for a finite set of iterations, dis-
cretising the Erp—Prp space and applying the corresponding weights w; ;. Finally,
the whole procedure is performed for each k-th spectral bin.
Moreover, the calculation can be extended to different spatial locations within the
plasma by discretising it into “voxels”, each characterised by different ion and RE
densities, optical transport factor, observation angle, and RE distribution function
(hence different w; ;). Finally, this procedure can also be repeated at different time
steps, taking in account the time evolution of the magnetic equilibrium.

The calculation is referred to as “semi-analytical” for several reasons. The weight

function W, is primarily determined by the Rate function and the energy proba-
bility. Each of these components depends on the Bremsstrahlung cross section,
which can itself be decomposed into two parts: the dipole function and the energy-
dependent part of the cross section. Solutions for these terms are already available:
the former is analytical, given by Equation 4.11, while the latter is semi-empirical,
as presented in Ref. [131]. Finally, the average over all gyroangles is performed by
summing the dipole functions over a large, finite set of equally spaced ¢ values, with
equal weights due to the uniform distribution of the ¢ angles.
The two components of the cross section can thus be efficiently calculated in a rou-
tine over a finely discretised space, making the overall approach computationally
feasible. Both terms are already implemented in the GENESIS libraries, and a
simple Python script can be written to leverage the GENESIS routines.
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4.2.4 A simple case study

Consider a runaway electron (RE) distribution consisting of two distinct monochro-
matic and mono-pitch beams:

e by with energy E; = 15MeV and pitch P, =1.0
e by with energy E5 =25MeV and pitch P, = -0.5

In this simple scenario, ngr and n; are fixed, and both beams have equal popula-
tions. The RE source is observed by two diagnostics (A and B), placed at different
observation angles relative to the magnetic field: a =90° and 8 = 50°, respectively.

Using Equation 4.27, the spectra seen by each diagnostic can be calculated with a
semi-analytical approach, as shown in Figure 4.12. It is clear that the two spectra
share similar features but also show distinct differences. Both diagnostics observe
the same source but from different angles, resulting in different spectral features.

e Both diagnostics observe by, but diagnostic B has a smaller average angle (over
all gyro-angles) between its line of sight and the beam velocity than diagnostic

A.

e Both diagnostics observe by but diagnostic A has a smaller average angle
relative to the beam velocity than diagnostic B.

e Both spectra include contributions from E; and E,, but diagnostic A, com-
pared to diagnostic B, records a higher count rate at high energies and a lower
one at low energies.

e The overall spectral slopes differ between the two diagnostics.

These differences arise from the combined effects of the probability distribution
function P and the rate function R. The former is the same for both diagnostics
and differ only from the two beams. The latter varies with the observation angle,
producing four components in total. Diagnostic B is “more aligned” with by than
diagnostic A, whereas diagnostic A is “more aligned” with b; than diagnostic B. This
angular sensitivity causes distinct spectral features, especially when non-zero pitch
angles are present in the RE distribution

The resulting intensities for the bin ¢, for the two diagnostics are:

Sﬁk(a) = WGk(Ela Pl,Oé) +W€k(E27 P2704) (429)
Sek(ﬁ):W%(Elﬁplﬁﬁ)+W€k(E27P275) (430)

where each weight function is defined as:
Ey, Pi,a) = R(Ey, Py, ) - P (Er)
Es, Py, @) = R(Ey, Py, @) - Pe, (E»)

(

(
Elaplaﬁ):E(Elvplaﬁ)'Pek(El) (4.33
Es, P3, 8) = R(Es, P3, 8) - Pe, (E) (

€k

=l =

€k

€k

=l =

€k
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Figure 4.12: Energy spectra observed from two different angles. The RE distribution
consists of two beams: by (E; = 15 MeV, P; = 1) and by (E2 = 25 MeV, P, = -0.5).
Original (a) and normalised (b) counts.
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Finally, calculating the intensities for each bin €, we obtain two different spectra
from the two diagnostics.
Figure 4.13 shows the four weight functions defined above, calculated for all energy
bins €. The trends discussed are clearly visible: diagnostic B is more sensitive to
by, while diagnostic A is more sensitive to by. As a result, the spectrum seen by
diagnostic B is dominated by the lower-energy beam (b ), while the spectrum from
diagnostic A is dominated by the higher-energy beam (bs).

1012 4
1011
1010 4
109 4
108 4

107 J

Counts [1/(s - MeV - m3)]

106 J

0 5 10 15 20 25
HXR Energy (MeV)

Figure 4.13: Weight functions corresponding to Equations 4.31-4.34. Diagnostic A is
more sensitive to beam bg, while diagnostic B is more sensitive to beam bj.

A more complex case

Now, consider a more complex energy-pitch distribution. As shown in Figure 4.14,
a series of equally populated bins forms a “triangular” shape, with the majority of
bins aligned along the Prp = 1 axis (co-passing electrons). Moving farther from the
magnetic axis, the maximum RE energy decreases.

Figure 4.15 shows the resulting bremsstrahlung spectra observed by two diagnos-
tics at 90° and 50°. This example demonstrates how even more complex distributions
can affect the measured spectra and highlights the impact of the RE pitch-angle dis-
tribution. One can notice that the simulated spectra in Figure 4.15 better mimic
the experimental ones seen in Figure 4.6. This is a proof of concept: it shows that
pitch-angle distributions can influence spectral measurements when multiple lines
of sight are used, without asserting that this is the actual cause of any experimental
observation.
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Figure 4.15: Resulting bremsstrahlung spectra from the RE distribution in Figure 4.14,
as observed by two diagnostics at 90° and 50°.

105



106



Conclusions and Outlooks

In this thesis, applications of gamma-ray diagnostics in tokamaks have been pre-
sented. These include fusion power measurements, reconstructions of the alpha
particle birth profile and the analysis of Bremsstrahlung emission from runaway
electrons using multiple lines of sight.

The Cerium-activated Lanthanum Bromide (LaBrs:Ce) crystal has been key to per-
form these studies. It is an inorganic scintillator representing the state of the art
for gamma-ray measurements in magnetic confinement reactors, thanks to its high
performance at intense radiation rates and robustness in harsh environments.

In Chapter 2, a feasibility study of a detector based on the LaBrs:Ce scintillator
has been presented for the SPARC tokamak, aiming to perform fusion power evalu-
ations by measuring gamma-rays from the DT reaction. This study strongly relies
on the experience gained at the JET tokamak, where gamma-ray emission from DT
fusion reactions has been observed and used to determine the «/n branching ratio of
the emission. In particular, by employing a detector similar to the one used at JET,
it has been found in this work that gamma-ray-based fusion power measurements at
SPARC are possible within the range from 0.2 MW up to the maximum expected
fusion power scenario at 140 MW. A Lithium Hydride neutron attenuator, analo-
gous to the one used at JET, is mandatory for gamma-ray measurements due to
the very high neutron flux expected at SPARC. The gamma-ray background is also
expected to be very intense, based on the observations at JET. Without a gamma-
ray attenuator, the measurable fusion power range along the horizontal channel is
limited to 0.2, 13.2] MW (assuming a JET-like background). By using Tungsten as
the attenuating material and varying the attenuator length, the overall operational
range can be extended to [0.2, 140] MW. For the channel adjacent to the horizontal
one, the measurable fusion power range is [9.7, 140] MW, indicating that this con-
figuration could serve as an alternative if the horizontal channel is not accessible to
the proposed diagnostic, although it would be restricted to high-performance fusion
scenarios.

To proceed with the engineering design of the diagnostics, a detailed engineering
model of the SPARC tokamak is required in order to calculate a more realistic
gamma-ray background spectrum using MonteCarlo simulations of neutron and
gamma-ray transport, for example with the MCNP code. Furthermore, the choice
of attenuators represents a critical factor, due to secondary issues associated with
Lithium Hydride and Tungsten. The former may pose serious safety concerns in
experimental facilities, while the latter affects the width of the operational range, as
it attenuates gamma-rays from the signal region (12 < E., < 17 MeV) more strongly
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than those from the background (£, < 10 MeV). The evaluation of alternative ma-
terials is therefore recommended to avoid these shortcomings.

In Chapter 3, the possibility of performing studies of the alpha birth profile using
gamma-ray measurements is discussed. In particular, the Gamma Camera Upgrade
at JET, consisting of 19 lines of sight — 10 radial and 9 vertical — collects data
from a LaBrs:Ce detector installed on each channel. D—3He plasmas represent a
source of alpha particles from the 3He(D,p)a reaction. By observing the gamma-
ray emission from the rarer 3He(D,v)%Li branch, a tomographic reconstruction of
the two-dimensional gamma profile — and consequently, of the alpha birth profile —
can be performed.

The focus of this work is on the validation of TRANSP simulations performed at
JET, related to D—3He plasmas from Three-Ion Scheme experiments. For a selected
discharge set, some TRANSP outputs have been retrieved to create synthetic ver-
sions of the alpha birth profile, which are then compared with those obtained from
experimental data. Before completing this task, two validation steps were carried
out. First, the time evolution of the total neutron rate from TRANSP was com-
pared with experimental data from fission chambers, showing an overall acceptable
agreement in the quiescent phase of the discharge, before the sawtooth crash. Then,
the TRANSP simulation of the fast deuterium beam distribution was retrieved at
the timestamp corresponding to the best agreement in the total neutron rate. The
second validation step concerns the numerical calculation of a synthetic TOFOR
neutron spectrum due to D(D;n)3He reactions, using the previously retrieved fast
D distribution. After comparison with experimental data, and after introducing
the exact particle orbits to account for the Finite Larmor Radius effects, an overall
good agreement is found across the discharge set. Finally, data from the Gamma
Camera are analysed and an alpha birth profile is obtained through tomographic
reconstruction using the TREVISO code. A synthetic version calculated using the
fast D distribution simulated by TRANSP is also produced and compared with the
experimental one. An overall good, or at least reasonable, agreement is found across
the discharge set.

The results presented suggest that TRANSP simulations, if properly configured,
can reliably predict gamma and neutron emission when applied to D-3He plasmas
from Three-Ion Scheme experiments at JET. Moreover, TRANSP may support the
optimisation of heating scenarios in future tokamaks with the aim of generating al-
pha particles. Finally, this study opens the possibility of evaluating quantitatively
the D-3He gamma-ray and alpha particle emissions. In particular, the experimen-
tal evaluation of fusion power in D—3He plasmas may be achieved by observing the
gamma-ray emission from the 3He(D,v)Li reaction.

In Chapter 4, another application of gamma-ray spectroscopy has been investi-
gated, concerning Bremsstrahlung radiation from runaway electron events. Experi-
mental observations at JET have shown different spectral features in Bremsstrahlung
spectra obtained using distinct lines of sight with different observation angles, where
LaBrj3:Ce-based detectors were installed. This is a peculiar phenomenon, since the
spectral shape is usually observed to be approximately the same. In this thesis, it
has been found that, based on theoretical considerations, the spectral shape may
vary when observing the same event from different lines of sight. When runaway
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electrons are emitted at large pitch angles, significantly different from zero, two de-
tectors may experience different sensitivities to co-passing (pitch angle ~ 0) electrons
compared to electrons with large pitch angles. This represents a proof of concept
rather than a demonstration that the experimental spectral differences observed at
JET may indeed be due to the presence of runaway electrons with large pitch angles.
This finding can be used to improve the understanding of runaway electron physics
and their distribution in tokamaks, by applying multiple lines of sight to investigate
the pitch angle distribution of runaway electrons.
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ARTICLE INFO ABSTRACT

Keywords: SPARC is a high-field, compact tokamak aiming to obtain a fusion gain Q>1 in Deuterium-Tritium (DT) plasmas
Nuclear fusion for the first time in a magnetic confinement fusion reactor. Fusion power measurement is a key diagnostic
Tokamak requirement. In this work we present a scoping study of a gamma-ray spectrometer for the determination
Gamma ray of the fusion power at SPARC. Measurements are based on the detection of the 16.7 MeV and ~ 14 MeV
ll;lie:gt::;tics gamma-rays produced by the weak secondary channel T(D,y)’He of the DT fusion reaction, whose branching
SPARC ratio has been recently measured at the JET tokamak. Starting from the numerical calculation of the DT gamma

source and a first evaluation of the sources of background radiation, we determine the fusion power range
where measurements are possible at SPARC. We find that the fusion power can be determined in the broad
range of 0.2 MW to 140 MW, when different neutron and gamma-ray attenuators are employed depending on
the operational conditions. Potential additional applications of the gamma-ray detector scoped in this work
are also briefly discussed.

Fusion power

1. Introducti . . .
niroduction channel T(D,y)’He of the DT fusion reaction. When this occurs, the

SHe nucleus born from D+T fusion, rather than splitting into a neutron

One of the primary objectives of nuclear fusion research is achieving and an alpha particle, decays either to its ground or first excited state,

a fusion gain Q > 1 in Deuterium-Tritium (DT) plasmas. This means
that the fusion power produced exceeds the input power required to
keep the plasma sufficiently hot. Tokamaks like ITER and SPARC must
achieve this milestone to advance nuclear fusion commercialization.
A key factor in calculating Q is measuring the fusion power. In
DT plasmas, absolute measurements of neutron yield are obtained
using flux monitors cross-calibrated with activation foils. Although
this method is well-established, it comes with challenges: significant
MonteCarlo (MC) modelling of the machine is necessary, followed by
extensive in-situ calibration campaigns. These procedures need to be
repeated whenever modifications to the machine vessel are made [1].
An alternative method to measure the fusion power can leverage
on measurements of the gamma-rays produced by the weak secondary

leading to the emission of a gamma-ray with average energy 16.75 MeV
(7o) or ~14 MeV (y,), respectively [2]. The feasibility of the method in
a tokamak environment has been recently proven in DT experiments
at the JET tokamak [3], where a value of (2.4 + 0.5) - 10~ y/n has
been determined for the branching ratio of the de-excitation of the
SHe nucleus by gamma-ray emission with respect to the more common
disintegration in a neutron and an alpha particle [4].

Although complicated by the need to handle the significant neutron
and gamma-ray background that is produced together with the y,
and y, emissions, one main advantage of the method is that it relies
on modelling of gamma-ray (rather than neutron) transport in the
tokamak, which is a comparatively much simpler task. Moreover, even
in machines where the determination of the fusion power by neutron
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Fig. 1. A schematic of the SPARC neutron camera. A 2.4 m thick wall separates the Diagnostic Hall from the Tokamak Hall. 19 lines of sight (labelled “LOSs”
in the figure) observe the plasma from a radial field of view. R and Z are the radial and vertical cylindrical coordinates, respectively, with the origin at the torus

centre.

measurements remains the main method, measurements of the y, and
7, emission are still valuable as an independent way to validate fusion
power measurements by neutron diagnostics.

Building on the recent experimental progress described above, in
this paper we present the scoping study of a gamma-ray detector
designed for fusion power measurements at SPARC. SPARC is a compact
(Ry = 1.85 m) and high magnetic field (B, ~ 12 T) tokamak [5]
currently being developed by Commonwealth Fusion Systems (CFS)
which aims to demonstrate DT plasmas with Q > 1 for the first time
in a tokamak.

The paper is organized as it follows. After the detector specification
provided in Section 2, we describe the numerical evaluation of the
signal and background sources in Section 3. The results are used to
identify the fusion power range where measurements are feasible,
depending on the set of neutron and gamma-ray attenuators that is
used. We finally discuss the limitations of our method and briefly
mention some other diagnostic applications [6] that the detector could
contribute to, leaving their detailed exploration to future work.

2. A gamma ray detector for SPARC

We base our scoping study on the LaBr;:Ce scintillator spectrometer,
as this has been successfully used for the DT gamma measurements
at the JET tokamak [7,8], and adopt the same dimensions (a cylinder
of 3" x 6", diameter x length). The detector still represents the state
of the art for gamma-ray spectroscopy in fusion plasmas, thanks to its
short decay time (30 ns), enabling gamma-ray measurements at MHz
counting rates [9,10], high photon yield (61/keV) [11], and energy
resolution (3.8% at 662 keV) [12,13].

The SPARC facility will have a dedicated area for nuclear diagnos-
tics, referred to as the Diagnostic Hall. This will be separated from the
Tokamak Hall by a thick concrete wall, approximately 2.4 m thick. A
Neutron CAMera (NCAM) with up to 19 channels is being designed,
providing a set of radial views in the poloidal cross section. The
separation distance between adjacent channels is about 40 cm at the
detectors position (R 2 17.0 m, from the centre of the SPARC torus)
and about 7 cm inside the plasma (R = 1.85 m).

In this scoping study, we assume that the gamma diagnostic can be
placed along one of the NCAM lines of sight, at a distance R > 17 m.
For example, the gamma diagnostics could be integrated with one
of the planned NCAM spectrometers for neutron measurements along
the NCAM channels, by placing the diagnostics behind the diamond

detector. In this study we assume that collimators with a diameter
D = 1 cm are expected for all channels, except for the central one,
which has a diameter D = 3 cm [14]. Indeed, to compensate for the low
efficiency of the magnetic proton recoil spectrometer planned for the
central channel, a wider collimator is employed to ensure a sufficiently
high neutron flux. Fig. 1 shows a schematic view of the NCAM.

3. Fusion power measurements at SPARC
3.1. Signal evaluation

To determine whether gamma-based fusion power measurements
will be feasible in SPARC, we must first estimate the DT-gamma signal
counting rate at the detector. We require that the fusion power is mea-
sured with at least 10% accuracy over a time scale of 1 s. Considering
the Poisson statical nature of the measurement, this implies a minimum
counting rate at the detector of 100 Hz. For comparison, a statistical
accuracy of 1% would correspond to a counting rate of 10 kHz at
the detector, which may be desired to counteract additional systematic
uncertainties that may affect the measurement (see later).

In order to assess the feasibility of the measurement, we have
evaluated the counting rate expected when the detector is positioned
at the end of each channel of the NCAM. This was done by using the
REVOLT [15] MC code for the numerical description of each line of
sight in combination with GENESIS [16] for the evaluation of the neu-
tron and gamma-ray radiation source due to the fusion reactions. Based
on the geometrical input parameters for each line of sight, REVOLT
determines the plasma region seen by the detector, dividing it into
smaller volume pixels (voxels). For each voxel, the code evaluates the
emission direction that the radiation must have to reach the detector,
as well as the transport factor, which is proportional to the fraction of
solid angle where the radiation must be emitted to reach the detector.

The evaluation of the DT-gamma emissivity source has been made
with GENESIS, which makes use of the line of sight information pro-
vided by REVOLT to evaluate the radiation intensity (gamma/second)
that reaches the front surface of the detector. Input parameters for GEN-
ESIS are the SPARC magnetic equilibrium (flux surfaces) and plasma
profiles (temperature and density). It is further assumed that the fuel
ions are in local thermal equilibrium, so that their distribution functions
are described by a Maxwellian. In our calculations we have used
magnetic and kinetic profiles for the Q = 11 scenario (corresponding
to an expected fusion power of 140 MW) available in the paper [17]
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Fig. 2. MC (GENESIS+REVOLT) and semi-analytical results (Lynalitic) of the expected DT direct neutron rate for each detector in the NCAM. Notice that the
highest rates are observed along the central horizontal channel (Channel #10), which views the plasma core and is equipped with a larger collimator. Channels
from #1 to #19 have a collimator diameter D = 1 c¢m, except for Channel #10 with D = 3 cm.

Table 1

DT neutrons and gammas per second at the detector front surface calculated

via GENESIS for SPARC NCAM Channel #9 (D = 1 cm) and #10 (D = 3 cm).
NCAM channel DT-Neutrons (Hz) DT-Gammas (Hz)

Channel#9 42108 1.0 10*
Channel#10 2410 5.8 10°

and in the SPARC GitHub open repository [18]. Signals for lower fusion
power scenarios are obtained from those corresponding to 140 MW by
linear down scaling.

Fig. 2 shows results on the neutron signal (neutron/s) expected at
the front surface of each channel of the NCAM. Note that, primarily
as a result of the collimator size, the intensity of the signal along the
central channel (3 cm diameter) is rather different from that along all
the others (1 cm diameter). As expressed in the following equation,
adapted from [19]:

z (dpdc\’
Ty = ewa < T ’ Yy (s)ds (€8]

the neutron and gamma-ray rates are proportional to the square of both
the detector diameter (dp) and the collimator diameter (d.). When the
two diameters are approximately equal (d = d- ~ dp), the resulting
signal scales as « d*. The other terms in Eq. (1) include: €,y the full-
energy peak efficiency of the detector; L, the length of the collimator;
4, the line of sight (assuming a narrow field of view); and y(s), the
neutron or gamma-ray emissivity along 4.

The corresponding gamma-ray signal is obtained by multiplying the
neutron signal with the branching ratio and is reported in Table 1 for
the most central channels.

The numerical calculations based on coupling GENESIS and RE-
VOLT (indicated by circles in Fig. 2) have been bench-marked by
independent semi-analytical calculations (stars). These have been based
on the Linalytic code, as described in [20]. Linalytic, unlike GENESIS
and REVOLT, combines analytical and numerical methods to calculate
the transport factors. The two methods agree within 5% for the most
peripheral channels and better than 1% for the central channel, which
provides confidence on the validity of the calculations of the signal,
particularly for the central channels.

3.2. Background sources

We now address the background sources that affect fusion power
measurements using gamma spectrometry. One source comes from the

direct neutrons produced by the main fusion reaction and which will
reach the detector with the intensities shown in Fig. 2 and Table 1 if no
dedicated neutron attenuator is used. Another source is due to prompt
gamma-rays born from the interaction between the direct neutrons and
the tokamak structures. This turns out to be the main limiting factor for
fusion power measurements using gamma spectrometry, but it can be
addressed by the use of dedicated gamma-ray attenuators of different
length, determined depending on the operational range.

3.2.1. Direct neutron background

The LaBr;:Ce detector is highly sensitive (efficiency ~1) to neu-
trons [21,22] implying that, without neutron attenuators, the detector
would experience counting rates well in excess of 10 MHz. For compari-
son, fusion power measurements at the JET tokamak were shown to be
possible for total counting rates <500 kHz [4], with pile-up and de-
tector stability being the main limiting factors above this experimental
counting rate threshold.

To counteract the background contribution from direct neutrons, we
have to include a neutron attenuator in the SPARC detector application.
Based on the experience at JET and successful tests at nuclear accel-
erators [23,24], this is a cylindrical sample of LiH with 1.2 m length
and a diameter that matches that of the LaBr;:Ce scintillator. Based on
previous calculations [19], which have been recently benchmarked by
measurements at JET, 1.2 m of LiH can attenuate 14.1 MeV neutrons
by a factor of 10° and the high energy gamma-rays of interest for fusion
power measurements by a factor 8 only.

Table 2 lists the neutron and gamma-ray intensities that may be
observed at Channels #9 and #10 of the NCAM with and without the
1.2 m LiH attenuator for the Q = 11 scenario. We find that the intensity
due to direct neutrons would always lead to a counting rate well in
excess of 500 kHz if no LiH attenuator is used. Acceptable measurement
conditions (statistical uncertainty in the range 1% to 10%) can be
achieved both on channel #9 and #10 (central), although statistical
uncertainties better than 1% can be achieved using channel #10 only.
However, we here stress that these considerations do not take into
account additional sources of background, such as that arising from
prompt gamma-rays, as discussed in the next section. As far as the
background contribution of scattered neutrons is concerned, based on
the JET measurements this can be reduced to a few % by a well
collimated line of sight, such as that designed for the SPARC NCAM,
and it is therefore neglected in this scoping study.
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Table 2

Intensities at the detector front surface for direct DT neutrons and DT gamma-
rays with and without 1.2 m of LiH, calculated along Channels #9 and #10. In
the “Comment” columns, intensities are marked as “Not acceptable” when in
excess of 500 kHz; “Desired” when they lead to a statistical uncertainty better
than 1%; “Acceptable” when leading to an uncertainty between 1% and 10%.

DT-Particle Intensities (Hz) Comment Intensities (Hz) ~Comment
and attenuator  at Ch#9 (Ch#9) at Ch#10 (Ch#10)
Neutron 42108 Not 2.4 100 Not

(no LiH) acceptable acceptable
Gamma 1.0 10* Desired 5.810° Not

(no LiH) acceptable
Neutron 42107 Acceptable 2.4 10* Acceptable
+ LiH

Gamma 1.0 10° Acceptable 5.8 10* Desired

+ LiH

3.2.2. Neutron-induced prompt gamma-ray background

Another important source of background comes from the prompt
gamma-rays that originate from the interaction of neutrons with the
tokamak structures, as observed at JET. The origin of this further
contribution is due to the fact that the footprint of the line of sight
intercepts the machine inboard first wall and the vacuum vessel. These
structures are constantly impacted by the intense neutron emission
from the plasma, leading to the production of prompt gamma-rays,
with a fraction of them reaching the detector through the line of
sight, as also verified by comprehensive MCNP [25] simulations for
the JET case [26,27]. In absence of detailed Monte Carlo models of
SPARC, we have developed an empirical method to estimate the prompt
gamma-ray background at SPARC based on the JET data, as described
below.

Assuming a known neutron flux F" on the tokamak first wall, the
outgoing Fy”“’ prompt gamma-ray flux can be expressed as the product
of a prompt gamma-ray emission probability P and F", i.e.

P=FM/F" @

Unlike F}f’“’, as fusion neutrons are all born with an energy of 14 MeV
irrespective of the device, we surmise that P is independent of the
intensity of the neutron source, but may have a dependence on the
material composition of the tokamak structures.

For the JET case, we can use the data collected in fusion power
measurement experiments by the Tangential Gamma Ray Spectrometer
(TGRS) [7,20,28] diagnostic to evaluate P. The TGRS system [28] con-
sists of a 3” x 6” LaBrj:Ce detector with a LiH attenuator, characterized
by a line of sight tangential to the inner wall and lying on the JET
equatorial plane. The LaBr;:Ce detector observes two sections of the
wall (one at the inner and one at the outer wall) while passing twice
through the plasma core.

From the JET experience with TGRS, we can establish that the
majority of the gamma ray background is concentrated below 10 MeV.
This fact suggests that, while prompt gamma-rays constitute an im-
portant radiation load for the detector, they interfere little within the
spectral region associated with the y, and y, signals. If we interpret
all the events in the spectral region below 10 MeV as primarily due to
prompt gamma-rays, also considering that direct and scattered neutrons
are almost fully suppressed by the use of LiH for the TGRS, we can
estimate the gamma-ray flux at the locations of the first wall that are
intersected by the line of sight, assuming only geometrical transport
through the line of sight. This, combined with the evaluation of the
neutron flux on the first wall from the known total neutron emission,
leads to a prompt gamma-ray emission probability P.

The value of P was recently estimated from the analysis of 96
discharges of the DTE2 campaign at JET, resulting in P = 4.7% [20].
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Fig. 3. Contour plot of the SPARC wall section observed frontally by the
detector along the Channel #10 horizontal line of sight. The brightness
corresponds to the transport factor of each pixel.

3.3. Gamma-ray spectrometer operational range

To determine the operational range for fusion power measurement
using gamma spectrometry at SPARC, we must now evaluate the back-
ground that will be present together with the signal of Fig. 2. To do
this, we assume that the detector is placed at a distance of 1.3 m behind
the central channel of the NCAM to allow for some space that may be
needed in an actual implementation of the diagnostics. Similar results
in terms of fusion power operational range are obtained if the detector
is placed right behind the central channel, although the background due
to prompt gamma-ray emission is found to be roughly 2 times larger in
such case. In order to evaluate the contribution of prompt gamma-rays
to the background at the detector, we have used REVOLT to model the
transport factors of the prompt gamma-rays emitted by the area of the
first wall that is intercepted by the detector line of sight, with the results
shown in Fig. 3.

The prompt gamma-ray source to which the transport factors of Fig.
3 are applied has been evaluated by multiplying the neutron flux on
the first wall for the Q > 11 scenario of SPARC with the probability
P obtained from the JET data. While P may be different in SPARC
with respect to JET (and cannot currently be evaluated as we lack both
a MCNP model and experimental data for SPARC) only an increase
of P by more than an order of magnitude, which we deem unlikely,
would eliminate the scope for fusion power measurements at SPARC.
Calculation of background fluxes due to prompt gamma-rays have been
made for all channels and added to those from the direct neutrons. The
final result on the operational range for fusion power measurements
is shown for channel #10 in Fig. 4. In this figure, the two horizontal
lines represent the practical requirements for good measurements based
on the JET experience, namely that the signal leads to a counting rate
of at least 100 Hz and that the overall counting rate on the detector
(signal+background) is below 500 kHz. The oblique lines show the
expected signal and background level for different fusion power levels
where, as noted above, calculations have been made using the kinetic
and magnetic equilibrium profiles of the Q > 11 scenario and linearly
down-scaled for lower fusion power levels. We find that, without
additional gamma-ray attenuators, there is a fusion power window
of about 1.8 orders of magnitudes, between 0.2 MW and up to 13.2
MW, where measurements are possible. We also note that, once the
LiH neutron attenuator is in place, the prompt gamma-ray background
becomes the main factor that sets the upper bound of the window for
fusion power measurements by gamma-ray spectroscopy. For channels
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other than #10, due to their smaller diameter of 1 cm in the currently
assumed NCAM design, the window for fusion power measurements
has an extent that is less than a factor 2, which makes these channels
impractical for this application.

While the results of Fig. 4 suggest that there is a relatively large
window where fusion power measurements are possible at SPARC, pro-
vided that a sufficiently large collimator and a LiH neutron attenuator
are used, it would be desirable to find ways to centre the fusion power
measurement window at higher powers. This is possible by adding
gamma-ray attenuators to the setup, such as tungsten.

Based on the Lambert—Beer law, the gamma-ray intensity 1(x), after
travelling a distance x, is attenuated according to

1(x) = Iy exp(—ux) 3)

where I is the initial intensity and p is an attenuation coefficient
depending on both the material and the gamma ray energy. We have
used the NIST database [29] to find the length / required for the
tungsten attenuator to enable an upper boundary of 140 MW for the
fusion power range, leading to / = 3.0 cm.

Fig. 5 illustrates the operational range of the LaBrs:Ce detector
for SPARC when a 3.0 cm tungsten attenuator is added to the 1.2 m
LiH neutron attenuator. There is now a new measurement range that
extends from ~5 MW up to the maximum projected fusion power,
140 MW. We note that, in the 140 MW scenario, DT-gamma count
rates of about 3.04 kHz are expected, corresponding to a statistical
uncertainty of 1.8%.

4. Discussion

The calculations presented in this paper suggest that there is scope
for the development of a gamma-ray spectrometer for fusion power
measurements at the SPARC tokamak. Their accuracy level is however
not yet sufficient to proceed towards the actual development of the de-
tector, as our findings are subject to some assumptions and limitations,
which are discussed here.

One main limitation comes from the evaluation of the prompt
gamma-ray background at SPARC. For this contribution, as described
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in Section 3.2.2, we have used JET data to infer the emission prob-
ability P and used that for SPARC. As the exact value of P depends
on the mix of materials used for the SPARC tokamak, which may
be different than those of JET, it is likely that our evaluation of P
comes with some systematic uncertainty, perhaps of a factor 2 or 3.
The uncertainty on P for SPARC ultimately impacts the extent of the
operational range where fusion power measurements are possible (see
Fig. 5). For example, if P were larger by a factor of 2, the operational
range would correspondingly be reduced by the same factor. However,
as Figs. 4 and 5 show, fusion power measurements at SPARC seem to
be possible over more than an order of magnitude. This suggests that
the operational window would be null only if P were larger by more
than a factor 10 than assumed here, which we deem unlikely. More
generally, there is a need to better understand the neutron-induced
reactions that lead to the background observed for the measurements
at JET, for example by attempting to reproduce the observed spectral
shape and intensity of the background using an MC model. In this
way, materials that contribute the most to the background could be
identified and a more detailed evaluation of the background at SPARC
could be made, which is required to enable the actual development
of the gamma-ray detector. Ultimately, the accurate evaluation of the
background at SPARC would have to rely on an MCNP model, once
sufficient knowledge on the most relevant processes that affected the
background in the measurements at JET is gained.

Other aspects that require further study towards the development of
an actual detector for SPARC are the neutron and gamma-ray attenua-
tors. Concerning neutrons, our study has been based on the use of LiH,
which has been tested at JET. However, there are some safety concerns
which make LiH not ideal for use in a high performance tokamak. LiH
is a hazardous material which undergoes violent exothermic reactions
with water, even in the form of moist air. Additionally, even if properly
sealed, it can release hydrogen at high temperature, leading to detona-
tion. For this reason, we are presently seeking alternative attenuators
that provide a similar, excellent neutron abatement factor, but pose less
challenging safety hazards and are thus easier to integrate in a tokamak
such as SPARC.

Concerning the gamma-ray attenuator, our evaluations have been
based on the use of tungsten, as it can be easily manufactured and is
widely available. The gamma-ray attenuation of tungsten is however
higher for the signal (1,/1(/) ~ 23 at the energies corresponding y, and
7, emissions) than the background, which has an average energy of
4 MeV (I,/I1(l) ~ 11 at this energy). This is the reason why the opera-
tional window of Fig. 5 is reduced by about 2.5 with respect to that of
Fig. 4. Ideally, one would like to find a gamma-ray attenuator that has a
larger abatement factor at the gamma-ray energies of the background,
which may be possible by studying the attenuation properties of other
high Z materials than tungsten.

We further note that this study does not consider other factors
that require a detailed evaluation for the actual development of the
diagnostics, such as the detailed (i.e. not just geometrical) transport
of both the signal and background gamma rays through ports and
collimators.

The main motivation of this work has been to scope a gamma-ray
spectrometer for fusion power measurements at SPARC, as this is a
key parameter for a machine than aims at reliably producing plasmas
with Q > 1 up to Q >11. We however note that the same instrument
could contribute to a broader range of physics studies, as demonstrated
at JET [6]. Examples are the diagnostics of ions accelerated to the
MeV range by radio-frequency [30,31], for example 3He and protons
in the planned hydrogen and 3He minority scenarios [17,32], or the
diagnostics of the runaway electron energies during the startup of
the discharge or in dedicated experiments [10,33]. A highly desired
capability for a gamma-ray detector in DT plasmas is the diagnostics
of the fusion born alpha particles. Unlike JET, where alpha particle
diagnostics by gamma-ray spectroscopy have been relying on reactions
between the alpha particles and °Be impurities naturally present in the
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plasma due to the beryllium first wall, in SPARC, where the first wall
will primarily be made of tungsten [32,34], different reactions would
have to be relied on. A possibility could be to exploit the '"B(a,py)'3C
reaction [35], which leads to the generation of gamma-rays at the
energies 3.09, 3.68 and 3.85 MeV. The boron impurities required for
the reaction could either be injected on purpose using pellets, or could
be available in the plasma as a legacy of the conditioning of the
first wall using boron (‘“boronization”) [36,37]. Unlike reactions with
beryllium, the cross sections of '°B(a, py)!3C are however not as well
measured and there is currently no experimental demonstration on
the use of such reactions to measure properties of the alpha particles.
For example, the minimum amount of boron impurities required to
measure a statistically meaningful signal is not known, as well as the
overall spectral shape due to the combination of the three emission
lines at 3.09, 3.68 and 3.85 MeV, convolved with the instrument
response function. While we are currently performing first studies to
establish the experimental basis for alpha particle measurements via
the '9B(a, py)'3C reaction in SPARC and elsewhere, we anticipate that
the prompt gamma-ray background analysed in Section 3.2.2 will be a
limiting factor. Such background may even have a more severe impact
for this application, as the '°B(a, py)'>C signal falls in the same spectral
region of the background, which requires a careful evaluation.

5. Conclusion

A scoping study of a gamma ray detector to determine the fusion
power at the SPARC tokamak has been made. Measurements are based
on the detection of the 16.7 MeV and ~14 MeV gamma-rays produced
by the weak secondary channel T(D,y)’He of the DT fusion reaction,
whose branching ratio has been recently measured at the JET tokamak.
Based on the numerical calculation of the DT gamma source, and an
estimation of the sources of background radiation due to neutrons
and prompt gamma-rays, we find that there is an operational window
of more than an order of magnitude where the fusion power can be
determined, in the range of 0.2 MW to 13.2 MW if a 1.2 m LiH is
used as the neutron attenuator, without gamma-ray attenuators. By the
addition of tungsten attenuators with a variable length up to 3.0 cm,
measurements over the full operational range 0.2 MW to 140 MW are
deemed possible with a statistical accuracy of at least 10%, when the
fusion power is provided every second. The background due to the
emission of prompt gamma-rays that enter the line of sight and are
due to neutrons interacting with the tokamak structures is identified as
the main limiting factor for the measurement and needs to be better
evaluated. Besides fusion power measurements, the detector could
serve additional scopes, such as the diagnostics of runaway electrons,
fast ions generated by radio-frequency heating or alpha particles born
from the fusion reactions, which will be the subject of future studies.
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Abstract

At JET, Deuterium-Helium-3 (D-2He) experiments using ion cyclotron resonance heating
(ICRH) with the three-ion scheme were conducted, involving thermal Deuterium (D),
thermal Helium-3 (*He), and a fast D beam injected via Neutral Beam Injection (NBI)
and further heated using ICRH.

In these plasmas, intense neutron emission at the level of ~ 10'6 n/s was observed, and a
non-thermal neutron spectrum was measured with the JET time of flight neutron
spectrometer. Furthermore, the spatial profile of ~ 16.4 MeV gamma rays originating from
the 3He(D,7)Li reaction was observed. This is a weak branch (=~ 1075 relative
probability) of the more common *He(D,p)a reaction and it can be used to assess the
production of alpha particles in these experiments.

In this work we analyse a set of data from nuclear diagnostics in D-Dygr—>He experiments
at JET and compare them with synthetic diagnostics based on TRANSP simulations of
the fast deuterium distribution function, using the so-called “kick operator” to model
power transfer from the wave to the beam fast deuterons. The neutron rate predicted by
the TRANSP simulations broadly agrees with data measured with fission chambers. The
shape of the neutron emission spectrum is also well understood, once finite Larmor radius
effects are introduced into calculations.

Data from the gamma ray camera are used to infer the alpha birth profile through
tomographic reconstructions based on the TREVISO code. These were compared with
corresponding calculations starting from TRANSP results and showing an overall good
agreement with the experimental tomographies. The validated TRANSP results are finally
used to discuss the modifications of the fast deuterium distribution function and of the
alpha birth profile in a set of discharges.

1 Introduction

The investigation of alpha particles represents one of the most challenging aspects of diagnostics in
tokamaks. [1] For energy production, the most promising fusion reaction is the Deuterium-Tritium
(DT) reaction, where an alpha particle (in addition to a neutron) is produced, which is anticipated
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to be the dominant source of heating in burning plasma. [2, 3] Due to their positive charge, alpha
particles are confined by strong magnetic fields and cannot escape the plasma. The detection of
confined alpha particles is particularly difficult, as opposed to the lost alpha particles, which can be
detected outside the plasma. In addition, alpha measurements in DT plasmas are particularly
challenging due to the intense neutron background. [4] This fact suggests the need to look for
another method to study alphas.

An important source of alpha particles has been achieved at JET through
Deuterium—Helium-3 (D—3He) plasmas, during dedicated experiments known as the “Three-Ton
Scheme” [5, 6, 7, 8]. In the scheme analysed in the present manuscript, the plasma is made of
deuterium and 3He, at relative concentrations of 50% and 25%, respectively. The fast ion source
comes from Neutral Beam Injection (NBI) of deuterium that absorbs most of the power injected by
Ion Cyclotron Resonance Heating (ICRH) when the wave frequency is set to match the Doppler
shifted ion cyclotron frequency of the deuterium beam in the plasma core. [9] These conditions
result in a strong alpha and neutron emission produced by *He(D,p)a and D(D,n)3He reactions,
respectively, with total neutron rates in the range of ~ 1-10%¢ n/s. This emission is expected to be
localised in the plasma core and to be significantly lower in the outer regions. [10] This localised
and intense alpha source provides a unique opportunity to test alpha diagnostics.

Experimental evidence of the interaction among the three ion species (thermal Deuterium,
thermal Helium-3 and the fast Deuterium population) has been obtained at JET. The Gamma
Camera Upgrade [11, 12], equipped with LaBrs:Ce scintillators [13, 14, 15], detects the 16.4 MeV
gamma emission from the 3He(D,y)°Li reaction. [16, 17, 18] Information about alpha particles
born from *He(D,p)a reactions can be inferred from the 16.4 MeV gamma-ray measurements, as
previously performed in Ref. [10]. Simultaneously, the TOFOR neutron spectrometer measures
neutrons from the D(D,n)?He reaction.[19, 20] In both diagnostics, the fast deuterium plays a key
role in determining the shape and features of gamma and neutron spectra.

These diagnostics provide experimental data from which information on the spatial and energy
distribution of alpha particles can be extracted. In parallel, simulations with the TRANSP code
[21, 22, 23] can be used to predict emission spectra in three—ion scheme scenarios, thereby
enhancing our understanding of the underlying physics processes and thus of the alpha emissivity.

The aim of this work was to validate the TRANSP simulations against experimental TOFOR
neutron spectra and Gamma Camera data, from a set of discharges during three—ion scheme
experiments. First, we compared the time evolution of the total neutron rate predicted by
TRANSP with experimental measurements. Second, we compared neutron time-of-flight spectra
measured using TOFOR with synthetic spectra computed from the fast deuterium distribution
retrieved by TRANSP. Third, we analysed the spatial poloidal profiles of alpha emissivity, both
experimental (reconstructed from Gamma Camera data) and synthetic (calculated from TRANSP
outputs). A tomographic reconstruction was then performed using the TREVISO code [24], which
implements an iterative inversion algorithm based on the Maximum Likelihood-Expectation
Maximization method.

The paper is organized as follows. Section 2 describes the JET instruments (TOFOR and
Gamma Camera) used to collect the experimental data. Section 3 presents the three-ion scheme
discharges. The analysis method is outlined in Section 4, including the TRANSP simulations under
investigation, the procedure to generate synthetic TOFOR neutron spectra, the approach used to
derive Gamma Camera profiles from both experimental and simulated data, and the tomographic
method for reconstructing the alpha birth profile. The results are presented in Section 5, while
their discussion is provided in Section 6.

2 Instrumentation
2.1 The Time-of-Flight Neutron Spectrometer at JET
In three-ions scheme experiments, a significant amount of deuterium is present in the plasma,
enabling D(D,n)3He fusion reactions. These produce neutrons with a characteristic energy of
approximately 2.5 MeV. In the idealized case of cold deuterium (i.e. negligible kinetic energy), the
neutron emission spectrum would be monoenergetic. However, heating mechanisms such as
Thermal, NBI, and ICRH introduce distinctive features in the neutron spectrum, which can be
detected by dedicated diagnostics [25, 26, 27].

TOFOR is a neutron time-of-flight (TOF') spectrometer at JET, optimized for the detection of
DD neutrons with energies around 2.5 MeV [19, 20]. It measures the neutron TOF across a known
distance, which is related to the neutron energy via the instrumental response function [28]. For
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TOFOR, the most likely response is described by:

_ 2m., R?
" TOF?

(1)

where FE, is the neutron energy, m,, is the neutron mass, and R = 705 mm is the radius of the
constant-TOF sphere (a fixed geometric parameter of TOFOR). Longer TOF values correspond to
lower neutron energies, and vice versa.

TOFOR was designed to achieve an optimal compromise among performance parameters for
DD neutron measurements: an energy resolution of AFE,, /E,, = 5.8%, a geometrical efficiency
€ =0.12 cm?, and a count rate C,, = 300 kHz, corresponding to a maximum neutron flux of
3 x 10 ns~! em~2 incident on the entrance detector.

In TOF space, the DD neutron peak (2.5 MeV) typically appears around 65 ns. A narrow peak
indicates monoenergetic or thermal emission, while broader spectra are observed when ~ 100 keV
NBI ions dominate. In three-ion scheme experiments, spectra are significantly broader and have a
non-trivial shape, suggesting a strong contribution to the neutron emission from the fast deuterium
population, which dominates both the spectral structure and intensity.

2.2  The Gamma Camera Upgrade at JET

Figure 1 shows a schematic of the Gamma Camera Upgrade at JET [11, 12]. The system comprises
19 channels, 10 horizontal and 9 vertical lines of sight, intersecting in a poloidal plane near the first
octant of the JET vessel. Each line of sight is equipped with a 1”7 x2/3” LaBrs:Ce scintillator [29],
enabling gamma-ray spectroscopy.

6
2 7' —— JET First Wall
—— Lines of Sight
[ Fields of View
4 s Detector Front Surfaces

o Front Collimator Positions

Figure 1: The Gamma Camera Upgrade at JET. The diagnostic consists of 19 channels (9 vertical
and 10 horizontal intersecting lines of sight) viewing a poloidal cross-section of the plasma near the
first octant. Each channel is equipped with a 17 x2/3” LaBrs:Ce detector, providing spectroscopic
capabilities.

The Gamma Camera diagnostic system can be used to detect gamma-ray emission from the
3He(D,7)"Li reaction [17, 10]. This is a rare branch of the D-?He fusion reaction that emits a
16.4 MeV photon instead of an alpha particle, with a branching ratio BR ~ 1075 ~/a. [30]

Observing the spatial distribution of this emission allows us to infer the birth profile of
fusion-born alpha particles, and a substantial contribution from fast deuterium is expected in
determining this profile. As already stated, the 16.4 MeV gamma-ray emission originates from the
D-3He reaction, which also produces alpha particles. If the gamma-per-alpha branching ratio of
the D-3He reaction is assumed to remain approximately constant, then the gamma-ray spatial
profile directly reflects the alpha-particle birth profile. A similar approach was previously adopted
in Ref. [10]. Ref. [17] indeed reports that the gamma-per-alpha branching ratio remains nearly
constant at ~ 2.5 10~° for deuteron energies between 300 and 600 keV, and there is then an almost
linear increase up to ~ 4.5 107° at 900 keV. For the discharges analysed in this paper, we have
evaluated that the mean energy of the deuterons that contribute to alpha particle production,




IOP Publishing

Plasma Physics and Controlled Fusion vv (yyyy) aaaaaa S. L. Fugazza et al

weighted by the fusion reactivity, is below 600 keV in most cases and up to 650 keV in all cases.
Hence, it is expected that the increase of the branching ratio reported in Ref. [17] will have little
impact on the reconstruction of the alpha particle profile from gamma-ray measurements, which is
the focus of this paper. There may be some impact on the determination of the overall absolute
alpha particle production rate from measurements, which is however out of the scope of this paper
and will be addressed in a separate study.

3 Description of discharges

This study analyses seven JET discharges (95671, 95672, 95673, 95679, 95680, 95683, 95684 )
performed under similar experimental conditions. These shots are part of the three—ion scheme
experiments, characterised by the presence of three ion species in the plasma: thermal deuterium,
thermal helium-3, and a fast deuterium population [5, 6]. The fast deuterium is initially injected
via NBI at approximately 100 keV and subsequently accelerated through ICRH, reaching energies
up to 1-2 MeV. A schematic overview of the heating scheme is shown in Figure 2.

3He
Thermal Thermal
D
NBI + ICRH
NBI
ICRH

t(s)
>

46.0 47.5 51.5

Figure 2: Schematic of the auxiliary heating waveforms in a typical three-ions scheme discharge.

All discharges were operated with a plasma current of 2.5 MA and a toroidal magnetic field of
-3.7 T. The electron density at the plasma core is around 1.0 x 102 m—3, and the *He
concentration varies between 18% and 28%, according to data from the real-time experiment
central control (RT'CC) system [31]. The electron temperature typically ranges from 1 to 10 keV.
The discharge is initially heated by NBI and there is a phase of a few seconds where ICRH is also
applied. This is when the three—ion scheme is established and most of neutron and gamma-ray
emission is observed. In most cases, the NBI power exceeds the ICRH power by a factor of 2—3,
except for discharges 95673 and 95684. NBI power ranges from 3.1 to 18.6 MW, while ICRH power
varies from 2.1 to 6.1 MW. Across all discharges, the neutron rate reaches values of the order of
some 10'® n/s, up to about 106 n/s.

An example of the actual waveforms for discharge #95671 is shown in Figure 3.

4 Analysis Method

4.1 TRANSP simulations

The TRANSP code [21, 22, 23] has been developed to simulate particle and energy transport in
tokamak plasmas. In this study, it is used to model the time evolution of the total neutron rate and
the fast deuterium distribution during each discharge.

For each pulse, a TRANSP simulation was performed in an iterative manner. Measured plasma
parameters, such as the magnetic equilibrium, the profiles of density, temperature, effective ion
charge and bolometry, where used as input. The simulations further used the actual heating profile
of NBI and ICRH. As in other analyses of radio-frequency heating scenario, the TORIC code was
used within TRANSP to simulate wave absorption. A “kick operator” [32] was active to calculate
the power transfer from the wave to the beam ions and their acceleration to higher energies. The
exact impurity content at JET, mainly Beryllium and Nickel, is uncertain, as is the value of *He
concentration, which is estimated at about 20% of the ion density in these discharges. For this
reason, these parameters were varied in a number of iterations (namely, TRANSP runs) until a
reasonable agreement between the measured and simulated neutron rate and plasma stored energy
was achieved. In the discharges analysed here, neutron emission is due to reaction among thermal
ions (thermal component), fast ions and thermal ions (beam-target component) and fast ions
among themselves (beam-beam component).

For each discharge, the timestamp at which the simulated neutron rate best matches the
experimental measurement is identified. The corresponding fast deuterium distribution is then
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Figure 3: Time traces measured at the plasma core for Discharge #95671, showing: plasma current
and magnetic field; NBI and ICRH power; electron temperature (HRTS, 3.0m) and density (HRTS,
3.0m); diamagnetic energy. Time offset of 40 s.

Table 1: Discharges and associated TRANSP simulations, together with the selected timestamps for
fast deuterium distribution analysis.

Shot # 95671 95672 95673 95679 95680 95683 95684
Simulation ID A25 A25 A26 V36 Vo7 Vo7 A24
Time (s) 10.0 12.0 11.0 9.95 9.95 9.20 9.00
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extracted at the selected time (see timestamps in Table 1).

TRANSP computes the fast distribution over the full phase space, resolving it in space, time,
energy, and pitch. An example for discharge #95671 is shown in Figure 4. Panel 4a presents the
spatial density of fast deuterium (integrated over energy and pitch), while Panel 4b shows the
energy-pitch distribution (integrated over space). A high-energy tail is visible in the positive pitch
area, extending from 100 keV to 1-2 MeV.

1lel8
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Figure 4: (a) Poloidal fast deuterium density profile from TRANSP. Shot #95671, sim. ID A25,
time = 10.0 s. (b) Full space-integrated energy—pitch distribution for the same case as in (a).
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The errors of the TRANSP outputs are likely underestimated as they originate in part from the
interpolation of data affected by significant experimental uncertainties. However, for the purposes
of this work, we deemed it appropriate to regard them as not reliably assessable using only the
estimation method previously described and, instead, focused on building a functional framework.
One of the next planned upgrades will be to evaluate the impact of these errors on the performed
simulations.

4.1.1  Synthetic neutron spectra The fast deuterium distribution (see Figure 4) is extracted at
the selected timestamp (see Table 1) for each simulation and it is used to calculate the expected
time of flight spectrum along the line of sight of the TOFOR neutron spectrometer and for
comparison with data obtained with this instrument.

The validation process begins by extracting TOFOR neutron energy spectra at each timestamp,
using a time window of 0.8 s centred around the selected time point. Synthetic spectra are then
generated using the GENESIS Monte Carlo code [33] and convolved with the TOFOR response
function for comparison with experiment. Thermal deuterium profiles (density and temperature),
magnetic equilibria and the fast deuterium distribution are taken from TRANSP outputs, while the
TOFOR line of sight file was calculated using the LINE2.1 code. [34]

To accurately model the TOFOR spectrum, all relevant neutron-producing interactions must be
included. Reactions involving fast deuterons dominate due to their higher energies and larger cross
sections compared to thermal reactions. The fast deuteron population is artificially divided into
two components: a low-energy (Lfast) and a high-energy (Hfast) group, identified based on whether
their energies are higher or lower than a 100 keV threshold (see the dashed blue line in Figure 4b).
The Lfast population is attributed mainly to NBI, while Hfast originates from ICRH heating and
reaches energies up to 1-2 MeV.

Six interaction channels contribute to the total spectrum:

e Thermal-Thermal (ThTh)
e Thermal-Lfast (ThLf)
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e Thermal Hfast (ThHF)
o Lfast Lfast (LfLf)

o Hfast Lfast (HfLf)

o Hfast Hfast (HfHf)

Among these, Hfast-related channels are expected to dominate both the spectral shape and
neutron yield.

TRANSP fast distribution simulations can track either the exact particle orbit or the particle’s
gyro-centre. In this study, for performance reasons, TRANSP records the gyro-centres of fast
deuterons. When Larmor orbits are sufficiently small, approximating the particle motion by its
gyro-centre is generally acceptable. However, as the Larmor radius increases, Finite Larmor Radius
effects may become significant. [35]

In such cases, the TOFOR neutron spectra can be affected, since some fast deuterons may
exhibit Larmor radii of several centimetres. Specifically, the finite plasma volume observed by the
TOFOR line of sight may not fully encompass the orbit of the fast deuterons around their
gyro-centres. Due to the system geometry, some fast deuterons are effectively within the TOFOR
line of sight when moving towards the detector, but move outside the field of view when moving
away from it. If a fast deuteron undergoes a D(D,n)*He reaction while moving towards the
detector, the resulting neutron can be detected and will appear with an increased energy (due to
energy and momentum conservation). Conversely, if the reaction occurs while the particle is
moving away, the resulting neutron would be shifted to a lower energy, but is likely not observed
because the particle has moved outside the line of sight. This asymmetry reduces the neutron yield
in the low-energy region of the spectrum. Therefore, an orbit correction must be included in the
calculations, where the full particle orbit is taken into account rather than just the gyro-centre.

The correction itself is relatively straightforward and was first introduced in Ref. [35]. Only the
toroidal magnetic field B is considered and its value at each fast-deuteron gyrocentre is computed
using .

0
B = By 7 (2)
where By is the magnetic field on the magnetic axis, Ry the radial position of the magnetic axis,
and R the radial position of the gyrocentre. The corresponding Larmor radius r;, was then
obtained from
mpvy

"= eB (3)

where v, is the perpendicular velocity of the gyrocentre, e the proton charge, and mp the deuteron
mass. Knowing the Larmor radius, the particle position in the R—Z plane can be computed by
uniformly sampling the gyroangle.
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Figure 5: Normalised neutron spectral components from orbit-corrected simulations (TOFOR diag-
nostic, energy-resolved). Shot #95671, simulation ID A25, discharge time = 10 s.

Figure 5 shows the synthetic neutron energy spectra obtained from the orbit-corrected
simulation of shot #95671 (ID A25) at 10 s. The Hfast-related components (blue, orange, and
green lines) clearly dominate the spectral shape in both the high-energy (E,, > 3 MeV) and
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low-energy (E,, < 2 MeV) regions. This trend is consistent across the full discharge set, as expected
from the enhanced fusion cross sections at energies above 100 keV.

4.2 Alpha particle source

To reconstruct the alpha birth profile, it is necessary to model the alpha particle source in
three—ions scheme experiments. The goal is to derive the alpha birth profile both from
experimental observations and from TRANSP-based simulations, enabling a direct comparison to
evaluate the spatial predictive accuracy of the simulation.

In D-3He plasmas, alpha particles are produced via the 3He(D,p)« fusion reaction. A less
frequent branch of this reaction leads to the emission of a 16.4 MeV gamma ray through the
3He(D,y)Li channel [30]. This gamma-ray emission, whose spatial profile provides a good
approximation of that of fusion-born alpha particles from 3He(D,p)a, can escape the plasma and
be detected by the Gamma Camera at JET during three—ion scheme experiments, providing a
means to assess the alpha birth profile.

Our analysis begins with the extraction of experimental Gamma Camera profiles. These are
then processed using the TREVISO code [24] to obtain a tomographic reconstruction of the alpha
birth profile. The methods for deriving both experimental and synthetic Gamma Camera profiles
are described in Section 4.2.1, while the tomographic approach is presented in Section 4.3.

4.2.1 Processing Experimental Gamma Camera Data Gamma Camera data consist of a set of
waveforms and the corresponding time stamps. When a gamma-ray is detected, its pulse shape is
digitised in a waveform and the time of detection is stored in a time stamp. By analysing
individual waveforms, using one of the algorithms described in [36], we can reconstruct the energy
spectrum deposited in the crystal in any arbitrary time interval. In the discharges considered in
this work the capability to resolve super-imposed pulses (pile-up) was particularly relevant to
correctly reconstruct the shape of the spectrum in the high energy region of interest for alpha
particle studies. A pile-up recovery algorithm has been recently implemented in a software named
GetAGRaSp (Get A Gamma-Ray Spectrum) and used also to process the data analysed here. [18]

For all discharges listed in Table 1, Gamma Camera binary files were retrieved and processed
with GetAGRaSp to obtain reliable energy spectra for each Gamma Camera channel. Figure 6
shows an example of the gamma-ray spectrum measured by channel #4 in discharge #95671 and
time integrated over the whole duration of the discharge. The spectrum comprises both high (say,
E, > 10 MeV) and low energy events, where the latter arise from the gamma-ray background
induced by neutron interactions with the materials that surround the detectors. In order to
eliminate such neutron induced background for our analysis, we have proceeded as it follows.

Each discharge follows a consistent heating sequence: NBI is activated at 6 s, followed by ICRH
between 7.5 s and 12.5 s (see Figure 2). The interval from 6 to 7.5 s, during which only NBI is
active, is used to estimate the background. No significant 16.4 MeV gamma-ray emission is
expected in this phase due to the lower deuteron energies involved, as also confirmed by our data.
For each channel, a background spectrum is obtained by integrating over the NBI-only time
window and averaging across the discharge set. The resulting spectrum is then normalised to the
neutron yield of the pulse under analysis (obtained by the JET fission chambers), as shown by the
orange line in Figure 6, and subtracted from the corresponding signal spectrum during the ICRH
phase, integrated over the desired time window.

The high-energy residual structure (green line in Figure 6) reflects the interaction of 16.4 MeV
gamma rays within the 1”7 x2/3” LaBrs:Ce detector [5, 10]. By integrating the
background-subtracted spectrum above a 9 MeV threshold, the total gamma count per channel is
obtained, providing the experimental Gamma Camera profile (an example is shown in Figure 10).

4.2.2  Synthetic Gamma Camera Profiles As indicated earlier, one way to validate TRANSP
simulations of the deuterium distribution function and its spatial profile is to use this input to
calculate synthetic Gamma Camera signal and to compare them with actual measurements.

To compute a synthetic Gamma Camera profile for comparison with experimental data, the fast
deuterium distribution from TRANSP is used as input to the GENESIS code. This enables the
numerical calculation of the gamma-ray emission expected from the 3He(D,v)°Li reaction in each
Gamma Camera channel. As with the synthetic TOFOR spectra, the calculation of the gamma
yield for each line of sight is performed in GENESIS, using the TRANSP fast deuterium
distribution as input, along with the magnetic equilibria and helium-3 kinetic profiles. The 19
Gamma Camera line-of-sight files were calculated via the LINE 2.1 code [34].
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Figure 6: Difference (green line) between the signal spectrum (blue) and the background spectrum
(orange). Shot #95671, full discharge integration, Gamma Camera Channel #4.

4.3  Tomographic method

Starting from the actual Gamma Camera data, or corresponding synthetic signals evaluated from
TRANSP results, we can determine the two-dimensional map of the gamma-ray emission in the
poloidal plane by tomographic inversion.

To reconstruct a 2D poloidal map of the gamma-ray emissivity, and thus the alpha birth profile,
we use the TREVISO code [24]. Specifically developed for Gamma Camera data at JET, TREVISO
implements an iterative algorithm based on the Maximum Likelihood—Expectation Maximisation
method to invert the line-integrated Gamma Camera signals into a pixel-based emissivity
distribution. Magnetic equilibrium information is used to smooth the reconstructed emissivity
along flux surfaces, enhancing the physical consistency of the results. This procedure is applied to
both experimental and synthetic Gamma Camera profiles. An example is shown in Figure 7.
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Figure 7: Tomographic reconstruction of the Gamma Camera profile using TREVISO. Emission is
strongly localized near the magnetic axis. Black curves: magnetic flux surfaces; white dashed lines:
Gamma Camera lines of sight. Shot #95671, experimental data, discharge time: 10 s.

For comparison purposes, the 2D emissivity maps are projected onto the normalized poloidal
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flux coordinate p. A p value is assigned to each pixel, and the emissivity values are then binned to
produce a 1D emissivity profile. Two different procedures are used to derive the 1D profiles:

e Synthetic data: The simulated Gamma Camera profile is directly reconstructed using
TREVISO. After projection onto the p coordinate, pixel emissivity values are binned along
the p axis. For each bin, the mean and standard deviation are computed, representing
respectively the central value and uncertainty of the 1D profile.

o Experimental data: A similar procedure is applied, but over a set of one hundred Gamma
Camera profiles derived from the original measurement. These profiles are generated using
Poisson statistics, which govern counting processes. For each Gamma Camera channel, the
original count N is used as the mean (¢ = N) and the variance (02 = N) of the distribution.
100 synthetic profiles are then created by sampling from a Poisson distribution characterised
by the previous parameters. This brute-force method allows propagation of statistical
uncertainties through the tomographic reconstruction. The resulting error is combined
quadratically with the reconstruction uncertainty to yield the final uncertainty of the 1D
alpha birth profile.

5 Results

5.1 Total Neutron Rate Time FEvolution

A comparison between the TRANSP-simulated and experimentally measured total neutron rate is
used as an initial validation step for each simulation. A representative example is shown in

Figure 8.
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Figure 8: Comparison between TRANSP-simulated and experimentally measured total neutron rate
for discharge 95671 at JET.

Blue: experimental measurement bounds. Red: TRANSP-predicted total neutron rate. Green:
D beam—thermal D contribution. Orange: beam-beam contribution. Purple: thermal-thermal
contribution.

Simulation ID: “A25”. Experimental data from fission chambers at JET. Time offset of 40 s.

As shown in Figure 8, simulation 95671A25 exhibits reasonable agreement with the
experimental data up to the major sawtooth crash occurring at approximately ¢ ~ 11 s. A similar
trend is observed across all discharges in the dataset, with a large sawtooth event occurring toward
the end of each shot.

We do not expect the simulated and measured data after the sawtooth crash to agree since
sawteeth eject fast ions with a velocity-space selective pattern [37]. We did not use a sawtooth
crash model depleting the fast-ion population in the plasma centre in the TRANSP simulation. For
this reason, the comparison between predictions and nuclear diagnostics data is limited to time
intervals before the crash in all the discharges.

The overall good agreement between the measured and modelled neutron rate before the
sawtooth crash indicates that, when properly set up, TRANSP is capable of quantitatively
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reproducing the neutron rate time evolution with reasonable accuracy. For each discharge, we
select the fast deuterium distribution calculated at the time points showing the best agreement
with the measured neutron rate, as summarized in Table 1.

5.2 Fast Deuterium Distribution and TOFOR Spectra

Experimental neutron spectra from the TOFOR diagnostic were retrieved, and synthetic spectra
were generated using the GENESIS code based on the TRANSP-calculated fast deuterium
distribution, both with and without the application of the orbit correction procedure.

1 1
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Figure 9: Comparison between experimental and synthetic TOFOR, spectra for discharge #95671,
simulation ID “A25”, at t = 10 s. (a) Spectrum computed without orbit correction. (b) Spectrum
computed with orbit correction applied.

As shown in Figure 9a, the uncorrected synthetic spectrum exhibits good agreement with
experimental data at low time-of-flight (TOF) values, corresponding to high neutron energies.
However, a notable overestimation is observed at higher TOF values (lower energies).

Figure 9b displays the corresponding spectrum after applying orbit correction. In this case, a
significantly improved match with the experimental data is obtained across the full TOF range.
Similar results were observed for all analysed discharges, supporting the validity of the fast
deuterium distribution from the selected TRANSP simulations in terms of spatial localization,
energy distribution, and pitch-angle dependence.

5.8 Alpha Birth Profiles

Experimental Gamma Camera profiles were extracted and compared with synthetic profiles
generated using GENESIS, with the TRANSP-derived fast deuterium distribution as input. Both
profiles refer to the same time window. For direct comparison — and also because the Gamma
Camera detectors are not absolutely calibrated — the synthetic profile was normalised to match the
total gamma-ray counts of the experimental one.

As shown in Figure 10, a good general agreement is observed between the experimental and
synthetic profiles, consistently across all analysed discharges. The central channels (3—6 and
14-16), which intersect the plasma core, exhibit the strongest gamma-ray signals, indicating that
the emission is concentrated near the plasma centre. Discrepancies in peripheral channels may
result from localised vessel emissions or from background components not fully removed during
processing.

Subsequently, the synthetic Gamma Camera profiles were reconstructed tomographically using
the TREVISO code. With the aid of magnetic equilibrium data, the resulting 2D emissivity maps
were projected onto the normalised poloidal flux coordinate, p, to obtain 1D radial profiles,
following the method described in Section 4.3.

As illustrated in Figure 11, the reconstructed emissivity profiles exhibit good consistency
between experiment and simulation. In all cases, the alpha emission is strongly peaked at the
plasma centre (p < 0.2) and rapidly decreases, with the exact profile shape depending on the
specific discharge. These results suggest that the simulation accurately represents the spatial
distribution of alpha birth within the plasma core.

It can be observed that the alpha birth profile derived from synthetic data in Figure 11
generally exhibits larger error bars compared to the one obtained from experimental data. This is

11
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Figure 10: Comparison between experimental (orange) and synthetic (blue) Gamma Camera profiles.
The synthetic profile is normalized to the total experimental Gamma Camera counts, for direct
comparison. Error bars correspond to Poisson statistics (see Section 4.3): o = V/N. Shot #95671,
Simulation ID “A25”, discharge time: 10 s, Integration time: £ 0.5 s.
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Figure 11: Comparison between experimental (orange) and synthetic (blue) normalized alpha emis-
sivity profiles as a function of the normalized poloidal flux coordinate, p. See section 4.3 for error
bar information. Shot #95671, Simulation ID “A25”, discharge time: 10 s.
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due to the greater spread in p-space of the pixels involved in the reconstruction of the synthetic
Gamma Camera profile, compared to those contributing to the experimental profile.

6 Discussion

The results presented in this work indicate that, if properly configured (see Section 4.1), TRANSP
simulations at JET can effectively predict gamma and neutron emission from D-3He plasmas in
three—ion scheme experiments. In particular, TRANSP provides time, space, energy and
pitch-resolved distributions of the fast deuterium density, originating from NBI injection and
further heated via ICRH. This fast component is primarily responsible for the localized and intense
sources of gamma rays, neutrons, and alpha particles through fusion reactions. Based on the
TRANSP fast D distribution, both emission spectra and synthetic diagnostic profiles can be
computed, enabling predictions for this class of experiments and deepening our understanding of
three—ion scheme scenarios.

The neutron rate predicted by TRANSP is in acceptable agreement with experimental
measurements, especially during the early phase of the discharge, prior to the major sawtooth
crash occurring at ~ 11 s in all analysed discharges. For this reason, timestamps for extracting the
fast D distribution were selected in this early phase, where both the qualitative and quantitative
behaviour of the neutron rate is in better agreement with fission chamber data at JET. The
simulations confirm that neutron production is primarily driven by the interaction between thermal
deuterium and the fast deuterium population. This highlights the importance of accurately
modelling the fast D distribution, as it plays a central role in interpreting three—ion scheme
experiments. To produce a properly configured TRANSP simulation, 3He concentration variations,
explored by incremental changes of about 5%, were used to identify the parameters required. In
this three-ion heating scheme, due to the underlying physics mechanisms that determine the
polarisation of the electric field, the neutron rate is very sensitive to the *He concentration and
variations of 5-10% of the >He concentration typically result in significant changes of the simulated
neutron rate with respect to that measured.

TOFOR measurements offered an opportunity to test the TRANSP fast D distribution.
Spectral features observed in the TOFOR data reflect corresponding structures in the simulated
fast D distribution. By including finite Larmor radius effects in the synthetic spectra, a good
agreement was obtained between TRANSP-based simulations and TOFOR data. In most
discharges, the broad peak centred around 65 ns, typically attributed to thermal and NBI
components, is not observed, suggesting a dominant contribution from the Hfast population (i.e.,
NBI deuterons effectively heated by ICRH). This component exhibits a broad and non-trivial
spectral structure. Conversely, for discharge #95683, the peak associated with unheated NBI
deuterons (with energies < 100 keV) interacting with thermal deuterium is clearly visible. This
may indicate reduced ICRH heating effectiveness or comparatively lower ICRH power relative to
NBI. Overall, TRANSP simulations facilitate the interpretation of the distinct components
contributing to the neutron emission.

Gamma Camera measurements offer a complementary spatial diagnostic for validating the fast
D distribution. Using the TRANSP-derived fast D distribution as input, the poloidal distribution
of alpha birth profiles can be numerically reconstructed and compared with tomographically
inverted alpha birth profiles obtained from experimental Gamma Camera data. Across all analysed
discharges, synthetic alpha birth profiles from TRANSP show reasonable agreement with the
experimental reconstructions (Figures 11 and 12). All cases exhibit a pronounced central peaking
of emissivity near the magnetic axis, with a sharp drop-off at larger p values. Synthetic alpha birth
profiles show a larger error due to the greater dispersion of the pixel into the p-space. The primary
variation between discharges lies in the degree of central peaking relative to the outer plasma.
TRANSP-derived fast D distributions help elucidate the connection between heating schemes and
the resulting alpha birth profile shape.

A cross-analysis of normalized Hfast density profiles and synthetic alpha birth profiles as
functions of the normalized poloidal flux p reveals a qualitative correlation (see Figure 13). The
sharper the Hfast density is peaked near the magnetic axis, the more pronounced the central
peaking of the emissivity profile. In contrast, the Lfast component appears to have no significant
impact on the alpha birth profile structure.

These observations suggest that TRANSP can be used not only for post-analysis but also for
predictive purposes. In particular, controlling the heating scheme, especially the efficiency and
spatial localization of ICRH, may allow shaping of the final alpha emissivity profile. This capability
offers a pathway toward improved understanding and control of three—ions scheme experiments at
JET and in future devices operating with D-3He plasmas.
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Figure 12: Comparisons between experimental (orange) and synthetic (blue) normalized alpha emis-
sivity profiles as a function of the normalized poloidal flux coordinate p, for all the remaining analysed

discharges.
(a): 95672-A25; (b): 95673-A26; (c): 95679-V36; (d): 95680-VO07; (e): 95683-VOT7; (f): 95684-A24
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Figure 13: Correlation between Hfast density and synthetic alpha birth profile shape (Simulation
type: “A”). (a) Normalized Hfast density profiles as functions of the p coordinate. (b) Normalized
synthetic alpha birth profiles as functions of the p coordinate.

Further investigations can include the quantitative evaluation in absolute units of the alpha
particle intensity. Although beyond the scope of this work, this could be assessed in a similar
manner to fusion power measurements performed at JET using DT gamma-ray detection via the
TGRS system. [13, 38, 39, 40] As shown in Section 4.2.1, 16.4 MeV gamma-rays from *He(D,y)°Li
reaction are easily observed in D-2He plasmas and, in principle, the corresponding fusion power
(and, hence, the absolute intensity of the alpha particle source) can be determined from this
emission. This is the only method to measure fusion power in D-2He plasmas because the D->He
reaction is aneutronic.

7 Conclusion

In this work, a set of D-3He discharges during Three-Ion Scheme experiments at JET has been
analysed. For each discharge a TRANSP simulation has been performed, and outputs like the time
evolution of the total neutron rate and the fast deuterium distribution have been retrieved and
analysed. The aim was to validate the TRANSP outputs by producing synthetic neutron spectra
and alpha particle birth profiles, comparing them against experimental results obtained from
diagnostics like TOFOR and the Gamma Camera Upgrade at JET.

The time evolution of the total neutron rate predicted by TRANSP showed reasonable
agreement with experimental data from the JET fission chambers. Synthetic spectra generated
with GENESIS, based on the TRANSP-derived fast deuterium distribution, also showed good
agreement with TOFOR measurements, especially when finite Larmor radius effects were included.
Finally, the synthetic alpha birth profile, computed from the TRANSP fast deuterium distribution
and reconstructed tomographically using the TREVISO code, was compared with the experimental
alpha emissivity profile, showing acceptable agreement.

Moreover, the broader utility of TRANSP simulations has been discussed, highlighting their
potential as a tool for improving the understanding of three-ions scheme experiments. In
particular, TRANSP may help to optimise the heating scenarios, ultimately contributing to the
development of efficient alpha particle sources based on the three—ion scheme for studies of alpha
particles in plasmas without tritium and for tests of the diagnostics.
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